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Fuel cells are a promising technology that will be part of the future energy landscape. 
New membranes for alkaline and proton exchange membrane fuel cells are needed to improve 
the performance, simplify the system, and reduce cost. Polymer chemistry can be applied to 
develop new polymers and to assemble polymers into improved membranes that need less 
water, have increased performance and are less expensive, thereby removing the deficiencies 
of current membranes. Nucleophilic aromatic substitution polymerization typically produces 
thermally stable engineering polymers that can be easily functionalized. New functional mono-
mers were developed to explore new routes to novel functional polymers. Sulfonamides were 
discovered as new activating groups for polymerization of high molecular weight thermooxida-
tively stable materials with sulfonic acid latent functionality. While the sulfonamide functional 
polymers could be produced, the sulfonamide group proved to be too stable to convert into 
a sulfonic acid after reaction.  The reactivity of 2-aminophenol was investigated to search for 
a new class of ion conducting polymer materials. Both the amine and the phenol groups are 
found to be reactive in a nucleophilic aromatic substitution, however not to the extent to allow 
the formation of high molecular weight polymer materials. Layer-by-layer films were assembled 
from aqueous solutions of poly(styrene sulfonate) and trimethylammonium functionalized 
poly(phenylene oxide). The deposition conditions were adjusted to increase the free charge 
carrier content, and chloride conductivites reached almost 30 mS/cm for the best films. Block 
and random poly(phenylene oxide) copolymers were produced from 2,6-dimethylphenol and 
2,6-diphenylphenol and the methyl substituted repeat units were functionalized with trimeth-
ylammonium bromide. The block copolymers displayed bromide conductivities up to 26 mS/
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The need for cleaner and more efficient methods of producing and using energy is be-
coming more apparent. Burning fossil fuels to produce energy has been a short-term solution 
to a growing global energy demand with unforeseen damage to human health, sustainability of 
natural resources, and environmental protection. Global warming and increased pollution have 
proven the use of fossil fuels needs to be reduced and the incorporation of renewables is un-
avoidable. Unfortunately, no single renewable energy resource can replace fossil fuels, so the 
energy portfolio will need to be diverse and vary depending on the local resources. Research is 
needed in all areas of renewable energy to realize a shift in the energy landscape. 
Fuel cells show promise as efficient energy conversion devices in a variety of applica-
tions including transportation, and stationary and portable power generation. One of the main 
advantages of using fuel cells for power generation is the ability to use renewable energy to 
produce fuel and reduce the amount of pollution from energy production. Fuel cells convert 
energy from a fuel, such as hydrogen that can be made from renewable energy sources, into 
electrical energy with water as the only byproduct (proton exchange membrane fuel cell is 
shown as an example in Figure 1.1). Fuel is oxidized at the anode with the use of a precious 
metal catalyst, such as platinum. The electrons flow through an external circuit to produce 
electrical energy. At the cathode, the electrons reduce atmospheric oxygen, through a catalytic 
reaction. The electrolyte selectively conducts ions to complete the circuit.
Unfortunately, high cost, poor performance, and limited lifetimes of electrolytes have 
hindered the widespread incorporation of fuel cells into mainstream use. The electrolyte 
separates the fuel from the oxygen and selectively transports ions between the electrodes to 
complete the circuit. The ideal electrolyte is a solid polymer membrane that has several spe-
cific characteristics. Firstly, the membrane must conduct ions effectively without conducting 
electrons. The material must be thermally, oxidatively, and mechanically stable under the harsh 
operating conditions of a fuel cell.  Lastly, the membrane must be inexpensive. Membranes for 
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both proton conducting and anion conducting fuel cells must meet these standards. A small 
selection of important classes of polymer electrolytes that are used in either proton exchange 
membrane fuel cells (PEMFC) or alkaline exchange membrane fuel cells (AEMFC) will be pre-
sented here. More extensive reviews of fuel cell membrane materials are available.1-8  
Figure 1.1 Diagram of the production and flow of ions and electrons in a PEMFC.
Proton Conducting Materials 
Early PEMFCs relied on sulfonated analogs of the popular engineering thermoplas-
tics, styrene-divinylbenzene networks or phenol-formaldehyde resins.9 These materials could 
not stand up to the oxidizing conditions of a fuel cell, limiting the lifetime of devices. In 1968, 
Dupont developed a perfluorosulfonic acid tetrafluoroethylene copolymer, Nafion™, as a stable 
polyelectrolyte for application in chlor-alkali cells.10 Nafion™, when incorporated into a fuel cell, 
exhibits great conductivity and durability while operating at 80°C2, making it the most widely 
used membrane material for PEMFCs. However, Nafion™ has many drawbacks including low 
conductivity at higher temperatures and low relative humidity, as well as environmental and 
health concerns related to material synthesis, degradation products, and recycling. 
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New materials designed to overcome many of the shortcomings of Nafion™ have been 
developed in recent years. Aromatic and aliphatic backbone polymers have been developed 
to overcome some of the hazards of fluorine use as well as to try to optimize operating condi-
tions.11-24 In addition to looking at new chemistries to develop better polymers, current mem-
branes have also been modified with additives to overcome their initial deficiencies.3, 21, 25-31 Still, 
no material system examined to date has all of the properties needed to make fuel cells that 
will enable wide application and reduce the use of fossil fuels.
Perfluorinated Sulfonic Acid Ionomers
 Most commercial fuel cell devices are made using perfluorinated sulfonic acid 
ionomer (PFSA) membranes, such as Nafion™, Asahi Glass’s Flemion™, or Asahi Chemical’s 
Aciplex™, characterized by perfluorinated carbon chains functionalized with sulfonic acid moi-
eties.2 Other polymers falling into this category are the Dow membrane and the 3M ionomer. 
All of these materials are copolymers of tetrafluoroethylene and perfluorinated vinyl ether with 
a sulfonic acid side chain, as depicted in Figure 1.2. Each of these materials is synthesized by 
free radical polymerization methods to form insoluble, high molecular weight polymers. Thin 
films are then either extruded or cast from fine dispersions in lower alcohols, yielding materials 
that exhibit sufficient performance when fully hydrated at 80°C.2 The performance has been 
attributed to the morphology of the membrane.32, 33 
Many theoretical models have been developed to explain the conduction of protons 
through the PFSA membranes.34-41 It is generally accepted that the sulfonic acid side chains 
aggregate into hydrophilic domains leaving the fluorocarbon backbone to form small crystal-
lites.32, 33 When hydrated, the hydrophilic domains are connected to form continuous networks 
that can easily transport protons through the membrane using water as a “shuttle” between 
acid groups providing the membrane with its high conductivity. While this is occurring, the 
hydrophobic crystallites give the membrane excellent mechanical stability and hold the mem-
brane together. 
Although the morphology provides the mechanism for conduction, the quantity of acid 
functional groups determines the conductivity. The ion exchange capacity (IEC) is defined 
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as the milliequivalents of acid groups per gram of dry polymer. The acid content is often de-
scribed by the equivalent weight (EW), or the grams of polymer per acid group. An increase in 
the number of acid groups incorporated into the polymer provides a larger hydrophilic domain 
and a greater area for protons to conduct leading to a higher conductivity. More acid groups 











































Figure 1.2 Commercially produced perfluorosulfonic acid polymers used as fuel cell mem-
branes.
A fine balance between maximizing the conductivity by maximizing the number of acid 
groups and retaining mechanical integrity determines the overall performance of the mem-
brane. An increase in the IEC beyond a critical value leads to hydrolytically unstable films that 
lose mechanical integrity or dissolve in water. Although increasing the volume of the hydropho-
bic domains creates a more mechanically stable membrane, there is a correlated decrease in 
the conductivity due to smaller ion clusters that may not form a continuous network, even upon 
complete hydration. The PFSAs with shorter side chains, such as the Dow and 3M membranes, 
can be used in lower EW ranges.2 A smaller side chain corresponds to the backbone making 
up a larger fraction of the total weight so the membrane can retain mechanical stability at lower 
EW. 
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PFSAs perform well when liquid water is present but suffer as water is removed. Na-
fion™, as well as other similar PFSAs, produces conductivities of about 0.1 S/cm at 80°C and 
100 % relative humidity (RH).2 As the temperature increases or the RH decreases, the con-
ductivity plummets due to loss of water. Since the PFSAs rely on water to shuttle the pro-
tons through the hydrophilic domains, as the temperature increases it is very difficult to keep 
enough liquid water in the membrane to move the protons. Theoretically, the temperature limit 
for running a PFSA PEMFC without pressurizing the system is 100°C, the boiling point of water; 
however, in practice it is about 80°C.21, 42 Similarly, below about 80 % RH the conductivity de-
creases dramatically.42 
Increasing the operating temperature and decreasing the relative humidity in a fuel 
cell is advantageous for many reasons. Operating at high humidity requires humidifying the 
fuel stream, adding to the overall cost of a fuel cell and decreasing the overall efficiency. The 
amount of water throughout the membrane assembly must be balanced. If imbalanced, the 
anode dries out and the cathode floods causing reduced activity of the catalysts and degrada-
tion of the membrane, both leading to reduced efficiency.43, 44 The advantages of reducing the 
humidity are a decrease in cost and simplification of the PEMFC system. 
Increasing the temperature adds another dimension of obstacles for the current mem-
branes. When the operating temperature is above 100°C, then the system must be pressurized 
in order to keep the water in liquid form. Pressurizing a fuel cell drastically increases the cost 
and complexity of the system. The advantages of operating at higher temperature are more 
resistant catalysts and simpler cooling systems. Hydrogen derived from reformed hydrocarbon 
fuels contains carbon monoxide, which adsorbs to the surface of the platinum catalyst reduc-
ing the performance of the fuel cell.42 At elevated temperatures, the kinetics of the electrode 
reactions45 and the carbon monoxide tolerance42, 45 are increased. In portable applications, the 
cooling system can be simplified if the temperature difference between the operating tempera-
ture and ambient temperature is increased. Waste heat could also then be used for steam re-
forming or other processes more easily at higher operating temperatures to increase the overall 
efficiency.  
An additional drawback to using PFSAs is the environmental and health concerns of 
producing and using fluorocarbons.46-49 Tetrafluoroethylene and its derivatives are extremely 
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dangerous and harmful materials used in the production of PFSAs. If the fuel cells are used for 
transportation, accidents can cause damage to the membranes producing harmful degradation 
products that can be released to the environment. Due to limited lifetimes and recycling op-
tions, the fluorocarbons within a fuel cell pose a risk to the environment. 
One of the most apparent and important limitations to using PFSAs is cost. The tem-
perature and humidity issues require a significant amount of supporting equipment and en-
gineering that contributes heavily to the overall cost of a fuel cell. The water, fuel and cooling 
control systems are extensive and complex. The membrane materials are also very expensive 
to manufacture and process into fuel cells. Nafion™ 117, as an example, costs nearly $1400 
per square meter.50 Currently, in order to produce a fuel cell for a car, a few square meters of 
membrane are needed to yield enough power for general use.
As discussed, PFSA membranes have many drawbacks that must be overcome. These 
materials cannot operate at high temperature or low relative humidity due to their dependence 
on liquid water for the conduction of protons. Working around this dependence on water 
increases the cost and complexity of the fuel cell. The materials themselves are expensive to 
make and process. Environmental and human health concerns also arise from using fluorocar-
bon materials.
Hydrocarbon ionomers
In recent years, a great deal of research has gone into producing materials that can 
overcome the shortcomings of PFSAs. New materials have been developed that attempt to 
overcome the performance, safety and cost issues of PFSAs. A variety of chemistries have 
been adapted for use as fuel cell membrane materials. Aromatic and aliphatic hydrocarbon 
polymers, as well as phosphorus and nitrogen containing polymers, have all been functional-
ized to produce proton conducting materials. The performance of these new materials is varied 
with some comparable to the PFSAs and others performing very poorly.1, 2, 5 
One route to overcome the negative aspects of PFSAs and polystyrene systems is to 
combine the useful parts of each polymer. Some of the first fuel cell membranes produced 
were sulfonated polystyrene-divinylbenzene systems.9 These systems degraded fairly eas-
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ily under fuel cell operating conditions due to oxidation of the aliphatic backbone. They were 
replaced with PFSAs that performed better and lasted longer. Ballard Advanced Materials 
Corporation introduced a series of copolymers derived from trifluorostyrene (Figure 1.3).51 The 
polymers were formed in an emulsion using free radical polymerization methods. The sulfonate 
groups are added after polymerization using either a sulfur trioxide complex or chlorosulfonic 
acid as the sulfonating agent. The unstable backbone of polystyrene is replaced with the fluo-
rocarbon backbone similar to the PFSAs, thus increasing the oxidative stability of the material. 
Although the sulfonated aromatic ring reduces the amount of fluorine in the polymer, yielding a 
slightly safer and less expensive material, their properties are similar to the PFSAs with bet-
ter conductivity under limited conditions.5 The only advantage to using these materials is the 
reduction of fluorine content in the monomer. The cost of the starting materials could also be 
cheaper if produced on a large scale. Overall, this material does not provide any advantages 
over the PFSAs. 
CF2CF CF2CF CF2CF CF2CF
SO3HR3R2R1
a b dc
R1, R2, R3 = alkyls, halogens, OR, CF=CF2, CN, 
NO2, OH
Figure 1.3 Chemical structure of Ballard Advanced Materials membrane materials.51
Another styrene-based system that has been developed for fuel cell applications is 
the Dais Analytics styrene-ethylene-butylene-styrene copolymers (SEBS).16 This well-known 
copolymer is used in a variety of applications where soft, strong materials are needed, such 
as handles and grips. The styrenic-based copolymer is synthesized using anionic polymeriza-
tion followed by hydrogenation, yielding polymers with a very low polydisperisty and an easily 
controlled block length. The unsulfonated copolymers are treated with sulfur trioxide/trieth-
ylphosphate complex to partially functionalize the styrene blocks. The sulfonate resides in the 
outer styrene blocks leaving the inner blocks to provide the membrane’s mechanical strength 
(Figure 1.4). The composition and relative block lengths govern the morphology of the films, so 
different morphologies can be realized by varying the composition through the relative length 
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of each block. The morphology can theoretically be tailored to give useful channels for im-
proved proton conduction, which will be discussed in greater detail later. The SEBS copolymer 
membranes exhibit similar conductivity (0.085 S/cm) to Nafion (0.079 S/cm) in fully hydrated 
conditions52, however, the aliphatic backbones are more susceptible to oxidation under typical 





Figure 1.4 Structure of partially sulfonated SEBS block polymers.52
The role of morphology on the performance of membrane materials was explored us-
ing a 4-styrenesulfonate graft copolymer.53 A hydrophobic styrene backbone was grafted with 
chains of poly(4-styrenesulfonate) ionomer. The 4-styrenesulfonate was polymerized through 
nitroxide-mediated controlled free radical polymerization and capped with divinylbenzene. This 
macromonomer was then copolymerized with styrene, so that the functionality resides on the 
side chains of the main polymer. This method provides a flexible system to study structure-
property relationships. The side chain length and density along the backbone can be varied 
through the controlled polymerization to adjust the hydrophilic domain size. Random copoly-
mers were also produced and compared to the grafted copolymers in terms of water uptake 
and conductivity. The grafted copolymers exhibit much higher conductivity than Nafion™.53 In 
comparing the grafted versus random copolymers, for the same ion content the graft polymer 
absorbs less water and produces an order of magnitude higher conductivity.53
Poly(aryl ether)s have been studied extensively as possible substitutes for PFSAs due 
to their excellent thermal, chemical, and oxidative stability. These widely available engineer-
ing thermoplastics have been used in a variety of applications. The most common poly(aryl 
ether)s include poly(ether ether ketone) (PEEK) and poly(aryl ether sulfone). Poly(aryl ether)s 
are typically synthesized using nucleophilic aromatic substitution, which involves an activated 
aryl dihalide reacting with a bisphenoxide nucleophile. The aromatic rings of the backbone are 
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also easily functionalized with acidic groups to form polyelectrolytes. Many common electron 
withdrawing functional groups can be used to make reactive monomers for the synthesis of 
poly(aryl ether)s as shown in Figure 1.5. 
X Y X Z
n
X=  O, S










Z =  SO2,                ,C
O
Figure 1.5 Possible structures of poly(aryl ether)s from common functional groups.5
The easiest and most widely used method for functionalizing poly(aryl ether)s with 
acid groups is by simply sulfonating a commercially available polymer. Electrophilic aromatic 
addition of sulfonic acid groups can be carried out using a variety of sulfonating agents.54-56 
Sulfonation is an electrophilic addition process that is greatly affected by other substituents 
attached to the rings. Electron-withdrawing substituents deactivate the substitution due to the 
removal of electron density from the ring. Likewise, an electron-donating substituent activates 
the substitution by adding electron density to the ring. Substitution likely occurs at the activat-
ed positions along the backbone, but that is not always the case. 
Polysulfones are tough, stable, inexpensive thermoplastics, and sulfonation has been 
carried out with a variety of sulfonating agents to produce acidic functionalized materials.11, 54, 
56 Typically, harsh sulfonating agents such as chlorosulfonic acid are used; unfortunately, the 
harsh reagent can degrade the polymer backbone or cause side reactions that can produce 
crosslinks. Noshay and Robeson56 performed groundbreaking work by developing a mild sul-
fonation method for polysulfone using sulfur trioxide complexes. They showed that by chang-
ing the ratio of sulfur trioxide to sulfone repeat unit the extent of sulfonation could roughly be 
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controlled. By adjusting the amount of ligand with respect to sulfur trioxide, the reactivity could 
be controlled to avoid crosslinking side reactions. 
A study by Genova-Dimitrova et al.54 elucidates the effect of the sulfonating agent on 
the resulting functionalized polymer. Chlorosulfonic acid was compared with trimethylsilylchlo-
rosulfonate in its ability to sulfonate polysulfone. The authors chose not to compare the sulfur 
trioxide complex due to its toxicity. Chlorosulfonic acid was shown to indeed degrade the poly-
mer backbone, breaking the chain into smaller pieces and decreasing the intrinsic viscosity. A 
more interesting outcome of the study was the limit of sulfonation that can be achieved regard-
less of feed ratio and time. Theoretically, two sulfonic acids can be added per repeat unit, one 
on each activated ring, to give a degree of sulfonation (DS) of 2 (Figure 1.6). The rate of sulfona-
tion up to a DS of about 0.75 is very fast. The rate of sulfonation subsequently decreases and 
stays constant up to a DS of about 1.35, after which, the rate slows and the reaction essentially 








Figure 1.6 Theoretical disulfonation of polysulfone on the activated rings.
Sulfonation up to a limit of just over one sulfonic acid per repeat unit proceeds fairly 
easily with a variety of sulfonating agents; however, the location of the sulfonic acid is not easily 
controlled. Al-Omran and Rose11 copolymerized 4,4-dichlorodiphenyl sulfone with hydroqui-
none and methyl substituted hydroquinones in order to study directed sulfonation. The only 
activated site for sulfonation should be the activated ring of hydroquinone at the unmethylated 
positions. Proton NMR analysis of the tri- and tetramethyl substituted polymers after treatment 
with sulfuric acid shows some sulfonation of the rings adjacent to the sulfone. Sulfonation at 
positions other than the activated positions demonstrates the variability in reaction sites of 
sulfonation. 
It has been shown by many research groups that the sulfonation of polymers can be 
unreliable.11, 54, 56 Control over position and extent of sulfonation is limited. Sulfonated mono-
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mers offer the ability to direct and control the number of sulfonic acid groups in the final poly-
mer. The McGrath group57 has adapted and optimized some earlier work to produce disulfo-
nated dichlorodiphenylsulfone for use as a funtionalized monomer. In addition to directing and 
controlling the number of sulfonic acids in the polymer, sulfonating the rings adjacent to the 
sulfone offers other advantages. In the electrophilic sulfonation of polymers, the sulfonic acid 
is placed on an activated ring rendering it chemically unstable under certain conditions. By 
placing the sulfonic acids on the deactivated rings adjacent to the sulfone, the stability of the 
functional group is greatly increased. The electron withdrawing character of the sulfone is also 
thought to increase the acidity of the sulfonic acid by stabilizing the conjugate base leading to 
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Figure 1.7 Direct copolymerization of disulfonated 4,4-dichlorodiphenylsulfone and 4,4-di-
chlorodiphenylsulfone with 4,4’-biphenol.57
Copolymers of disulfonated 4,4-dichlorodiphenyl sulfone with 4,4-dichlorodiphenyl 
sulfone, and 4,4’biphenol were synthesized in a variety of ratios of sulfonated to unsulfonated 
monomers (Figure 1.7).57 The resulting copolymers show excellent properties and the conduc-
tivity of the 60% sulfonated polymer (0.17 S/cm) is comparable to Nafion™(0.12 S/cm) under the 
same conditions; however, at high levels of sulfonated monomer, the resulting polymers be-
come water soluble. Unsulfonated and sulfonated monomers with different functional groups, 
including nitriles58, phosphine oxides59, 60, and ketones61, 62, have also been incorporated into 
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copolymers to improve properties, including better adhesion in composites. The nitrile and 
phosphine oxide containing polymers have been suggested as excellent candidates for inor-
ganic composite materials because of their ability to form hydrogen bonds with heteropolyac-
ids.58 
Aromatic polyimides have also been studied as potential PEMFC membrane materials 
because they exhibit some of the important characteristics needed in fuel cell membranes, 
such as thermal and chemical stability.63-68 Aromatic polyimides are formed through a step 
growth polymerization of an aromatic dianhydride and an aromatic diamine. Sulfonated five-
membered phthalic imides have been shown to hydrolyze easily when operating under fuel 
cell conditions, but the six membered naphthalene based polyimides are more stable to hy-
drolysis, and so have been studied more extensively as fuel cell membrane materials.66, 69 The 
same flexibility in functionality available in poly(aryl ether)s can be applied to polyimides, where 
multiple functionalities can be built into either the diamine or dianhydride to produce the de-
sired properties. As with other aromatic polymer systems discussed previously, the degree of 
sulfonation must be kept low to retain structural stability. An interesting route to overcoming 
swelling and dissolution problems was proposed by Zhang and coworkers67, 68, where bulky 
unsulfonated diamines were incorporated into the polymer (Figure 1.8). They proposed that the 
bulky structures in the backbone would prevent tight packing of the chains. The empty space, 
or free volume, produced could trap water increasing the water content at lower relative humid-
ity, thereby, increasing the conductivity. Despite their predictions, mechanical stability of the 
films was negatively impacted by the bulky, rigid diamines. 
Films of sulfonated poly(2,6-dimethyl-1,4-phenyleneoxide) (sPPO) (Figure 1.9) have been 
studied as possible membrane materials. PPO has extremely good film forming properties, 
mechanical stability and is also thermally and chemically stable. The polymer is formed from 
the oxidative polymerization of 2,6-dimethylphenol in the presence of a copper(I) complex. 
Sulfonation can be carried out through electrophilic aromatic addition of commercially available 
polymer under similar conditions as discussed for poly(aryl ether)s.55, 70 Sulfonation in organic 
solvents is limited by solubility; however, extremely low equivalent weight, around 350 g/equiv., 
can still be achieved.55 The high number of sulfonic acids groups present in the material causes 
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increased swelling. This can be overcome by crosslinking the films to produce membranes with 
high conductivity (0.15 S/cm).71 



















Figure 1.9 Partially sulfonated poly(2,6-dimethyl-1,4-phenyleneoxide).
Sulfonic acid has been used as the preferred acid conducting group due to the ease 
of functionalization of a variety of types of polymers as well as high conductivity. Other acid 
conducting groups have been studied, including phosphonic acid72, 73 and sulfonimide15, 74-76 
moieties. Phosphonic acids are weaker acids than sulfonic acid but exhibit much better stabil-
ity towards oxidation and hydrolysis. Pendent phosphonic acid poly(aryl ether)s (Figure 1.10)
have been produced through a post polymerization functionalization procedure by Miyatake 
and Hay,72 where a dibromotetraphenylphenylene ether was polymerized with decafluorobi-
phenyl, then phosphonated with diethyl phosphite and a palladium catalyst. The ethyl groups 
were removed by bromotrimethyl silane and the acid was formed by hydrolysis of the trimethyl 
silyl groups. The functionalized polymers were shown to be of high molecular weight suggest-
ing that there was no degradation in the functionalization procedure. The polymers exhibit high 
thermal and oxidative stability; however, other properties such as conductivity were not mea-
sured. 
Bock and coworkers77 have recently developed a two step nickel(II) chloride  catalyzed 











Figure 1.10 Pendent phosphonic acid functionalized poly(aryl ether).72
cially available polysulfone or poly(ether ether ketone), followed by the nickel catalyzed phos-
phonation with tris (trimethylsilyl)phosphite. Polymers with a degree of phosphonation up to 
one were formed (Figure 1.11). The polymer with a degree of phosphonation closest to one 
exhibit a conductivity of 0.09 S/cm and only 9.8 weight percent water uptake, making these 









Figure 1.11 Phosphonated polysulfone.77
A variety of sulfonimide containing polymers have been synthesized for fuel cell mem-
branes (Figure 1.12).15, 74-76 The sulfonimide moiety is a stronger acid than phosphonic acid and 
even sulfonic acid. Stronger acids should produce a higher conductivity because the proton 
is less tightly held making the protons more labile. A sulfonimide analogue of Nafion™ was 
produced by Savett and coworkers.74 It shows similar conductivity and water uptake char-
acteristics to Nafion™, but with no appreciable advantage to having the sulfonimide over the 
sulfonic acid. Cho and coworkers15 produced a sulfonimide derivative of the sulfonated 4,4-di-
chlorodiphenyl sulfone monomer. The sulfonate monomer was treated with thionyl chloride to 
form the sulfonyl chloride derivative. The sulfonyl chloride was then reacted with trifluoromethyl 
sulfonamide under weakly basic conditions to produce the sulfonimide. The sulfonimide func-
tionalized monomer and the unfunctionalized sulfone were polymerized with biphenol using 
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nucleophilic aromatic substitution to form sulfonimide polymers. The most significant differ-
ence observed between the sulfonimide containing polymer and the sulfonated analogue was 
that the water uptake increases by a factor of three in the sulfonimide polymer compared to the 
sulfonated polymer. This effect was attributed to the increased hydrophilicity of the sulfonimide 
due to its stronger acidity. The conductivity is also slightly lower than the sulfonated analogue. 
Overall, the sulfonimide does not provide any notable advantages over sulfonic acid. It does 
impart some information on the importance of balancing all the properties in a membrane 
material. Even though a stronger acid should be more conductive, it will also demonstrate 
increased water uptake. Sulfonic acid still seems to be the best choice due to its ability to yield 

















Figure 1.12 Sulfonimide analogs of NafionTM and sulfonated polysulfone.15,74
Proton conducting membranes have been researched extensively for fuel cell applica-
tions. PFSAs, such as NafionTM, are the standards, but improvements are needed. A variety of 
approaches to new membranes are shown above. Each new chemistry contributes improve-
ment in some areas but no one system offers a significant enhancement in all properties to 
replace PFSAs and provide widespread commercialization of fuel cells.
Anion Conducting Materials
Alkaline fuel cells (AFCs) have many advantages over PEMFCs. These advantages 
made them popular with the US space program starting with the Gemini missions and even 
continuing with the recently retired space shuttle.7 The principal advantage they have over 
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PEMs is increased reaction rates at the electrodes provided by the basic environment.6-8 The 
reactions, therefore, require less precious metal catalyst to produce the same performance. 
Non-precious metal catalysts can even be employed, reducing the overall cost of the fuel 
cell.78-80 Operating temperatures are also lower, so heat rejection supporting equipment is sim-
pler and there is less degradation of the electrolyte.7 
A reduced amount of fuel crossover, especially when the fuel is methanol, is also an 
advantage of AFCs over PEMFCs.8 In an AFC, the hydroxide ions are produced at the cathode 
then conducted from cathode to anode where they are consumed (Figure 1.13) causing the 
electroosmotic drag to oppose the flow of methanol. This is superior to the proton conducting 
case where the ions flowing from the anode to cathode pull some methanol across the electro-
lyte. 
Figure 1.13 Diagram of an Alkaline Fuel Cell.
Liquid Electrolytes
Although AFCs have been used extensively for space travel, their use in terrestrial ap-
plications has been limited due to efficiency, cost and stability concerns brought about by 
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the aqueous potassium hydroxide electrolyte.6 The most prevalent issue has been precipita-
tion of carbonates from carbon dioxide impurities in the fuel stream and in the air used as the 
oxidant.7, 81, 82 The carbon dioxide reacts with the hydroxide to form carbonate and hydrogen 
carbonate. The free cations in the electrolyte solution, typically potassium, can precipitate as 
carbonate salts that can plug the pores in the electrodes reducing the performance of the fuel 
cell. There have been a few options to overcome this challenge but at a detriment to the cost 
and simplicity of the system.81, 82
Other problems with alkaline fuel cells arise from the electrolyte being a caustic liquid. 
First is containment. The electrodes must effectively contain the liquid electrolyte while still 
using fuel and oxidant gases. Electrode “weeping” occurs, where the electrolyte leaks through 
the electrode. Corrosion is also a problem with the highly caustic hydroxide solution used as 
the electrolyte, and many materials will degrade in this strongly basic environment. Materials 
employed in the fuel cell that contact the electrolyte must be carefully chosen to reduce dam-
age from corrosion usually leading to an increase in cost. 
Polymer Electrolytes
The past 10 years have seen a surge in research on cationic polyelectrolytes that over-
come the issues seen in liquid electrolytes for alkaline fuel cells.4, 7, 8 Incorporating polymers as 
the electrolyte removes free metal cations that can precipitate carbonates, thereby reducing 
losses over time. A polymer membrane is a solid electrolyte that is structurally stable and does 
not leak from the cell. Although the local pH is high in these membranes, they do not have the 
corrosive nature of a caustic solution.
Utilizing polymers as viable anion exchange membrane fuel cells (AEMFCs) requires 
distinct properties. The polymers must contain cationic groups that provide fast hydroxide 
conduction and are chemically stable in the highly basic environment. Additionally, the mem-
brane must be mechanically and thermally stable under the operating conditions. The solid 
electrolyte must be an effective barrier to fuel, air and electrons. Lastly, the best polymer will 
be inexpensive. 
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Poly(aryl ether)s are economical materials that are very stable and easily functionalized 
to produce ionomers. As discussed earlier, a variety of functional groups and properties can 
be incorporated in these polymers to give the desired materials.5 Many research groups have 
taken advantage of this flexible platform to produce viable membranes for application in AEM-
FCs.83-96
Polysulfones are a class of poly(aryl ether)s that has seen extensive use in developing 
membranes.83-93, 95, 96 The majority of the research on polysulfone membranes has produced 
benzyltrimethylammonium hydroxide functionalized polymers due to an easy functionalization 
method.87-89, 92, 93, 95, 96 As with most poly(aryl ether)s, the bisphenol portions of the polysulfone 
repeat unit can be easily chloromethylated then aminated with trimethyl amine to form a func-
























R = H or CH2Cl
R = H or 
CH2N(CH3)3
Figure 1.14 Chloromethylation and amination of polysulfone.87
A polysulfone incorporating biphenol as the comonomer for the polymerization was 
studied by researchers at Sandia National Lab for its suitability as a base polymer for alkaline 
exchange membranes.87 The polymer is produced by the nucleophilic aromatic substitution po-
lymerization of dichlorodiphenylsulfone with 4,4’-biphenol. The functional polymer is produced 
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in a two-step reaction. The biphenol portion of the repeat unit is chloromethylated with chlo-
romethyl methyl ether and zinc chloride. A maximum of 1.37 benzyl chloride groups are added 
to each repeat unit. The benzyl chloride group is converted to the benzyltrimethylammonium 
functionality by soaking films of the polymer in aqueous trimethylamine solution. These mem-
branes produce hydroxide ion conductivity up to 35 mS/cm. 
Commercially available bisphenol A based polysulfone was also chloromethylated and 
aminated to produce materials for alkaline fuel cells.91 The reaction conditions of the chloro-
methylation were varied to determine their effect on the product. Increased reaction time and 
temperature lead to increased functionalization and crosslinking. The chloromethylated poly-
sulfone was aminated with a variety of different tertiary amines. The membranes made from 
aminating with an excess of tetramethylethylenediamine followed by quaternization with bro-
moethane produced the highest conductivity, over 70 mS/cm at 90°C in water.
Zhou and coworkers96 examined a polysulfone derived from bisphenol AF. In addition to 
adding some flexibility to the backbone, the hexafluoroisopropylidene unit also increases the 
hydrophobicity of the backbone, which could help with the microphase separation in the mem-
brane. At high levels of functionalization, the membranes produce carbonate conductivities 
over 60 mS/cm at 80°C. The high number of functional groups also increases the water uptake 
and swelling, eventually leading to dissolution over time at elevated temperatures. To over-
come the dimensional instability, the polysulfones were crosslinked with an epoxide crosslinker 
(Figure 1.15).95 Polymers were formed using an excess of bisphenol to ensure phenoxide end-
groups. These phenol-terminated polymers were chloromethylated as before then cured with 
a tetraepoxide at elevated temperatures followed by amination. The water uptake decreases 
drastically, from 225 wt% to 50 wt% for the uncrosslinked to the crosslinked membranes. The 
carbonate conductivity also decreased with increased crosslinking. 
Yan and Hickner92 designed a less hazardous route to similar materials by removing 
the need to use toxic and carcinogenic chloromethyl methyl ether (Figure 1.16). Their method 
incorporates tetramethylbisphenol A as the bisphenol in the polysulfone. The methyl groups are 
brominated with N-bromosuccinimide initiated with benzoyl peroxide. The resulting benzyl bro-
mide is substituted with trimethylamine to form the functionalized membranes. These materi-
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alsproduce bicarbonate conductivities up to 27.5 mS/cm when aminated in solution and about 






















































R = H or N(CH3)3+HCO3-
Figure 1.16 Functionalization scheme for tetramethylbisphenol A polysulfone with N-bromo-
succinimide and trimethylamine.92
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Another route to benzlyltrialkylammonium functional polysulfones without using the 
toxic chloromethylation agents utilizes dimethylamine and formaldehyde to functionalize 4,4’-bi-
phenol prior to polymerization (Figure 1.17).91 The functional monomer was polymerized with 
3,3’,4,4’-tetrafluorodiphenylsulfone. Incorporating a functional monomer allows for control over 
the number of functional groups along the backbone as well as where they reside. The IEC can 
be tailored by the feed ratio of functionalized and unfunctionalized monomers in the polymer-
ization. A polymer with an IEC of 2.31 mmol/g, produces a hydroxide conductivity of 61 mS/cm 
at 60°C in water and only swells by 21%. Higher IECs produce higher conductivities, but the 
water uptake and drastic swelling would cause serious dimensional instability if used in a fuel 
cell.
In addition to trialkylammonium, polysulfones have been decorated with other cations 
to produce conductive membranes for alkaline fuel cells.83-86 Pendant quaternary phospho-
nium groups were added to bisphenol A based polysulfone to form hydroxide conducting films 
(Figure 1.18a).84-86 The trimethoxyphenyl groups are proposed to offer stability to the cation. 
The films produce a high conductivity, 45 mS/cm at 20°C in water.85 Like other cation func-
tional polymers, the swelling increases at high ionic exchange capacity. It was discovered that 
excess benzyl chloride groups react with the trimethoxyphenyl rings of the cation by a Friedel-
Crafts reaction without catalyst at relatively low temperature (80°C) to form crosslinks (Figure 
1.18b).86 With low crosslinking (5%), the materials are stabilized and still produce a hydroxide 
conductivity of 38 mS/cm.  
Wang and coworkers functionalized polysulfone with pentamethylguanidine to form 
guanidinium functional polysulfone (Figure 1.19).83 The guanidinium group provides a higher 
basicity that could produce higher conductivity due to a more labile hydroxide ion. The positive 
charge of the guanidinium cation is spread between a carbon and three nitrogens resulting in 
a more stable charge. The hydroxide conductivity increased by about 70% for the guanidinium 
polymers (74 mS/cm) compared to the trimethylammonium polymers (44 mS/cm) of similar ion 
exchange capacity at 60°C in water.
22



















































Figure 1.17 Functionalization and polymerization scheme for the production of benzyltrimeth-










































Figure 1.19  Guanidinium functionalized polysulfone.83
Polyimides are another class of polymer that has been studied as a platform for hydrox-
ide conducting ionomers.97 These polymers are extremely stable materials, with high degra-
dation temperatures and chemical resistance. Commercially available poly(ether imide) was 
chloromethylated and then aminated with trimethylamine. The materials exhibit thermal and 
chemical stability in highly basic conditions. However, the hydroxide conductivity is low, only 
reaching about 3 mS/cm.
The Xu group98-109 has done quite a bit of research on aminated poly(phenylene oxide) 
for anion exchange membranes. Materials functionalized with benzyltrimethylammonium,100, 102, 
103, 107 acetyltrimethylammonium,101 pyridinium,98 and poly(4-vinylpyridinium)99 were produced for 
anion exchange filtration membranes. This technology was extended to anion exchange mem-
branes for fuel cells with an aminated blend of brominated PPO (BPPO) and chloroacetylated 
PPO (CPPO) (Figure 1.20).100 Hydroxide conductivity scales with the amount of BPPO in the 
original blend. As the amount of BPPO decreases, so does the conductivity. The highest con-
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ductivity is a very good 33 mS/cm, however the same membrane absorbs 300 weight percent 
in water. To overcome the swelling with water, the chloroacetyl groups were allowed to undergo 
Friedel-Crafts reaction with the aromatic rings to form crosslinks.102 Linking the chains together 
reduced the water uptake by 85%, while the conductivity remained about the same.  
Aliphatic polymers are more stable at high pH lending themselves toward application 
as base polymers for alkaline fuel cell membranes. Hydroxyl radicals are believed to be the 
major cause of degradation in PEM fuel cell membranes. Hubner and Roduner110 found that at 
higher pH, hydroxyl radical exists in lower concentrations. With less hydroxyl radical, there is 
potentially less degradation of polymers susceptible to hydroxyl radical degradation, such as 







Figure 1.20 Brominated (a) and chloroacetylated (b) poly(phenylene oxide)s.100
Researchers at the University of Surrey have done extensive studies on grafting 
poly(vinylbenzyl chloride) into fluorinated or partially fluorinated polymer films to form anion 
conducting membranes.111-115 This research led to results that showed radiation grafting of vinyl-
benzyl chloride into poly(vinylidene fluoride) and poly(tetrafluoroethylene-co-hexafluoropropyl-
ene) followed by amination and alkalization leads to degraded films that could not be placed 
in a fuel cell.111-113 Poly(ethylene-co-tetrafluoroethylene) (ETFE) proved to be stable to the func-
tionalization process.114, 115 ETFE films were radiation grafted with vinylbenzyl chloride, aminated 
with trimethylamine and the chloride was exchanged for hydroxide. The hydrophobic starting 
film provides the structure needed to hold the membrane together and reduce water uptake. 
The grafted polymer imparts charge-carrying cations for high conductivity. ETFE based mem-
branes produce a hydroxide conductivity of 34 mS/cm at 50°C in water with low water uptake 
(40%). These materials provide great stability and decent properties but lose the advantage of 
recyclability of polystyrene derivatives by incorporating fluorinated polymers.
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A bottom-up approach to designing anion exchange membranes was used to develop 
methacrylate-acrylate-vinylbenzylchloride copolymers (Figure 1.21).116 A controlled amount of 
vinylbenzyl chloride gives a copolymer with the desired ion exchange capacity upon amina-
tion. The methyl methacrylate and butyl acrylate provide stability and flexibility, respectively, 
to the film. The best material in this study has an ion exchange capacity of about 1mmol/g, but 
only produces a conductivity of 13.5 mS/cm when fully hydrated with significant swelling and 
uptake of 200 wt% water. These materials would not be expected to be highly stable under 






Figure 1.21 Quaternized copolymers of methacrylate-acrylate-vinylbenzyl chloride.116
Some recent research has sought to make a more stable cation for alkaline fuel cells, 
employing an alkylbenzimidazolium polymer (Figure 1.22).117, 118 A polybenzimidazole was alkyl-
ated to produce a positive charge that is stabilized between two nitrogens, a carbon, and the 
adjacent aromatic ring. The polymer is stable, until the chloride is exchanged for hydroxide, at 
which point it degrades. Hydroxide causes chain scission by reacting at the 2-carbon of the 
benzimidazolium ring. Further research shows that bulky substituents on the adjacent aromatic 
ring (bottom structure in Figure 1.22) can block the attack of hydroxide, increasing the mem-
brane stability in hydroxide.118 These materials show mediocre performance with hydroxide 
conductivity around 10 mS/cm when fully hydrated and water uptake of 80-160%. 
A variety of chemistries were employed to study potential membranes for use in anion 
exchange membrane fuel cells. Many of these membranes exhibit promising performance in-
cluding conductivities that are adequate for further research on these materials. Increasing the 
ability of the polymer to conduct ions leads to some solubility and stability issues. Crosslinking 
is a promising method to stabilize the films in an aqueous environment. Similar to the PEMs, 










Figure 1.22 Benzimidizolium functionalized polymers.118
Morphological Control
All levels of structure contribute to the properties of materials. As described in the previ-
ous sections, a variety of chemical structures lead to conductive materials. Chain packing and 
microstructure can also contribute to the properties governing a polymer’s performance in a 
fuel cell. The packing of the polymer chains as well as the phase behavior must be considered 
in order to achieve optimal materials. Nafion™ has been studied extensively with respect to 
microstructure.32, 33 Nafion™ membranes exist with nanophase separation of the hydrophilic 
side chains and the hydrophobic backbone (Figure 1.23). The hydrophilic phase hydrates and 
conducts the protons while the hydrophobic phase gives the membrane mechanical stability. 
When using sulfonated poly(aryl ether)s the phase separation is not fully optimized.32 The func-
tionalized monomers are randomly distributed through the chain, keeping the hydrophilic and 
hydrophobic portions mixed. At high levels of sulfonation, the hydrophobic portion becomes 
too small to retain structural stability.  
Block Polymers
Instead of using random copolymers, block polymers have been employed to tailor the 
morphology.14, 24, 63, 119, 120 The defined partitioning of hydrophilic and hydrophobic monomers 
within the polymer provides greater phase separation. Controlled polymerizations, such as 
ionic and controlled radical methods, can be utilized to produce well-defined polymers with 
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low polydispersity and controlled block length. These well-defined polymers form complex 
morphologies as shown in Figure 1.24. Polymers made from these methods typically consist of 
aliphatic backbones. Use of these materials is questionable in proton conducting fuel cells due 
to possible oxidation of the backbone; however, their use in anion conducting fuel cells may be 
very successful. 
Figure 1.23 Stylized morphology of Nafion.32 Reprinted with permission from Kreuer, K.-D.; 
Paddison, S. J.; Spohr, E.; Schuster, M. Chemical Reviews 2004, 104 (10), 4637-4678. Copy-
right 2004 American Chemical Society
Storey and Braugh24 produced well-defined triblock copolymers of styrene-isobutylene-
styrene by living cationic polymerization. The styrene units were then sulfonated using acetyl 
sulfate. By controlling the block lengths in well-defined block copolymers, the morphology 
of the film can be predicted and customized. In this case, cylinders of poly(styrenesulfonate) 
arranged in a hexagonally packed formation surrounded by a polyisobutylene matrix were 
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formed. The properties contributing to fuel cell performance, such as conductivity and water 
uptake, were not studied.
Figure 1.24 Possible morphologies of block copolymers based on block lengths.121 
Block copolymers consisting of sulfonated poly(aryl ether sulfone) (PAES) and a substi-
tuted polyphenylene (PBP) were synthesized by the McGrath group.120 The rigid rod polyphen-
ylene was made from 2,5-dichlorobenzophenone in a Ni(0) catalyzed coupling reaction and 
capped with 4-chloro-4’-fluorobenzophenone. The polyphenylene oligomers were reacted with 
hydroxyl-terminated sulfonated polysulfone to produce film-forming polymers. Atomic force 
micrographs show the nanophase separation that forms a continuous hydrophilic phase sur-
rounding hydrophobic domains (Figure 1.25a). As the block length increases the hydrophobic 
domains begin to connect to form a continuous phase (Figure 1.25b). Having a continuous 
hydrophilic domain is thought to provide a path for conduction that will need less water. A 
continuous hydrophobic phase could also reduce swelling. The water uptake of these materi-
als ranged from 7-10 percent, which is much lower than even the PFSAs. The conductivity was 
fairly good considering the low ion exchange capacity of the material.  
Phase separation was induced in anion conducting membranes with well defined 
ammonium functionalized polymers of polystyrene-block-poly(ethylene-co-butylene)-block-
polystyrene.122, 123 Zeng and coworkers123 chloromethylated the styrene blocks with paraformal-
dehyde and hydrogen chloride gas. Trimethylamine displaced the chloride to form the am-
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Figure 1.25 Tapping-mode AFM phase images of (a) a PAES-6K–PBP-6K multiblock copoly-
mer and (b) a PAES-10K–PBP-10K multiblock copolymer with block lengths of approximately 
6000 and 10,000 g/mol, respectively.120 Reprinted with permission from Wang, H.; Badami, A. 
S.; Roy, A.; McGrath, J. E. Journal of Polymer Science Part A: Polymer Chemistry 2007, 45 (2), 
284-294. Copyright 2007 John Wiley and Sons.
monium functionalized block copolymers. With an ion exchange capacity of only 0.3 mmol/g, 
the hydroxide conductivity is 9.4 mS/cm at 80°C and the film only absorbs 12 wt% water. The 
morphology was not investigated. 
More recently, Sun et al. also produced quaternized SEBS for alkaline fuel cells.122 The 
morphology was studied by atomic force microscopy and shows nice phase separation be-
tween hydrophilic and hydrophobic phases that change as the ion exchange capacity is in-
creased (Figure 1.26). These materials can produce a hydroxide conductivity over 20 mS/cm at 
80°C. 
The Watanabe group89 compared block polysulfones to the random copolymer analogs. 
Hydrophobic and functionalizable oligomers were polymerized into multiblock copolymers. 
The trimethylammonium functionalized block copolymers show much better phase separation 
by electron microscopy. The performance of the block copolymer membranes is much better 
than the random copolymer membranes. The conductivity of the block copolymers reaches 
126 mS/cm at 60 °C whereas the random copolymer is only 35 mS/cm. Zhao and coworkers93 
showed similar results when comparing their block and random copolysulfones. The hydroxide 
conductivity of the block copolymer at room temperature is 1.5 times as high as the random 
copolymer analog stemming only from changing the way the polymers are able to phase sepa-
rate. 
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Figure 1.26 Atomic force micrographs of quaternized polystyrene-block-poly(ethylene-co-
butylene)-block-polystyrene, increasing ion exchange capacity in the dry (a-c) and hydrated 
(a’-c’) states.122 Reprinted with permission from Sun, L.; Guo, J.; Zhou, J.; Xu, Q.; Chu, D.; Chen, 
R. Journal of Power Sources 2012, 202 (0), 70-77. Copyright 2012 Elsevier.
Another interesting way to induce phase separation is through grafting short hydro-
phobic chains onto a functional polymer (Figure 1.27).124 Comb-shaped polymers were syn-
thesized by aminating a brominated PPO with dimethylhexadecylamine. The sixteen carbon 
chain provides a hydrophobic matrix and the aminated PPO makes the hydrophilic channels. 
Atomic force microscopy and small angle X-ray scattering suggest a lamellar phase separa-
tion with spacing on the order of the length of the carbon chain (conceptualized in Figure 1.27). 
The phase separated material conducts hydroxide ions at 35 mS/cm and only absorbs 20 wt% 
water when fully hydrated. 
Free Volume Adjustments
Adjusting the way polymer chains pack changes the free volume and the overall mor-
phology of the film, leading to potential benefits in performance. As discussed above, poly-
imides were synthesized with a bulky diamine in order to increase the free volume available for 
water to be trapped and increase conductivity at lower relative humidity.67, 68 In this particular 
work, the reduction of mechanical properties by the rigid aromatic rings overshadows the ad-
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Figure 1.27 Comb shaped polymers and expected phase separation.124 
vantages gained from increasing the free volume. A study was also done by Gaoet al.18 look-
ing at the effect on properties of sulfonated poly(aryl ether nitrile)s by incorporating different 
geometric isomers of sulfonated dihydroxynaphthalene (Figure 1.28). The differences in the 
isomers consisted of varied sulfonic acid and hydroxy group placement. Some qualitative 
conclusions were made based on water uptake and conductivity correlations; however, the dif-
ferences in structures were not discussed or probed extensively. This series of polymers could 
provide some very interesting data on the effect of chain packing on the properties of a fuel 








Figure 1.28 Geometric isomers of sulfonated dihydroxynaphthalene.18
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Layer-by-Layer Self-Assembly
Layer-by-layer (LbL) self-assembly has recently grown as a simple materials processing 
technique in a variety of fields. One area for which these layered structures have particularly 
shown promise is as electrolytes in electrochemical applications such as batteries and fuel 
cells due to their tunability and straightforward processing. LbL films or coatings are built up by 
layering oppositely charged polyelectrolytes.125, 126 This occurs by simply dipping, for example, 
a positively charged substrate into an aqueous solution of an anionic polyelectrolyte. The op-
positely charged ions are attracted to each other and form an ionic crosslinking bond. The 
polymer and charged surface form an insoluble, stable complex. The excess polyelectrolyte 
is rinsed away and the surface is now negatively charged. It is dipped into a cationic polyelec-
trolyte solution where the surface charge is reversed again. This process is repeated until the 
desired thickness is achieved. Figure 1.29 shows a representation of the dipping process. 
Figure 1.29 Layer-by-layer dipping process.
The real utility of this method comes from its flexibility or tunability. An almost endless 
supply of polymers is available to build new films and coatings. Virtually any polymer that has 
or can be functionalized with ionic or hydrogen bonding groups can be incorporated. Typically, 
different combinations of widely available polyelectrolytes, such as poly(styrene sulfonic acid) 
(PSS), poly(acrylic acid) (PAA), poly(allyl amine hydrogen chloride) (PAH), poly(ethylene oxide) 
(PEO), linear poly(ethylene imine) (LPEI) and poly(diallyldimethylammonium chloride) (PDDAC), 
are layered into useful materials (Figure 1.30).126 In addition, there are an ever-increasing num-
ber of custom polyelectrolytes being incorporated into layer-by-layer structures.127-133 
Each combination of oppositely charged polyelectrolytes can provide a range of mem-
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Figure 1.30  Chemical structures of common polyelectrolytes
solutions. Degree of ionization and polymer structure have been adjusted by controlling the 
pH,134, 135 ionic strength,130, 136 and solvent quality131, 133, 137 of the dipping solutions. Weak poly-
electrolytes are defined as polymers whose ionization or hydrogen bonding is dependent 
on the pH of the aqueous solution. The pH determines how many groups are in the correct 
state to form crosslinks and therefore directly controls the crosslink density. For example, in 
a system where the pH is adjusted so that PAA is fully deprotonated and PEI is fully proton-
ated, the crosslink density will be very high and the polyelectrolyte layers will be very thin. The 
same is true for a hydrogen bonding system such as PAA and PEO. More protonated PAA 
can form more hydrogen bonds, increasing the crosslink density. Strong polyelectrolytes on 
the other hand do not change with changes in pH and include polymers functionalized with 
low pKa acids such as sulfonic acids or permanent ions such as tetra-substituted amines. To 
modify the properties of multilayers formed from strong polyelectrolytes, the ionic strength of 
the solution is adjusted. The increased ion content works to “screen” the permanent ions of 
the strong polyelectrolytes.130, 138 High ion concentrations block most of the ions from reacting 
with the oppositely charged ions to produce lightly crosslinked materials. The solubility of the 
polyelectrolytes in the solution also plays an important role in the properties of the final mate-
rial. Sometimes the backbones of the polymers are too hydrophobic to form a good solution in 
water. It has been shown that a small amount of a water miscible organic solvent can be used 
to increase the quality of the solution so that transparent high quality films can be made.131, 133 
Conversely, the quality of the solution can be decreased by the addition of an organic solvent 
to form thicker layers because of the more tightly packed polymer chains in solution.137 Adjust-
ing the chemistry of the dipping solutions can easily tune the final film to the desired proper-
ties. The structural and chemical properties that come from these adjustments govern other 
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properties desired for particular applications including ion transport and permselectivity, which 
are important in fuel cell membrane materials.
Durstock and Rubner139 first tested the conductivity of a layer-by-layer membrane, spur-
ring interest in these materials for electrochemical systems such as fuel cells and batteries. 
The resistance of the membrane limits the power that a fuel cell can deliver. If more ions can 
be pushed through a membrane over some period of time, then more power can be produced. 
The main way to achieve a higher power output is by increasing the conductivity of the mate-
rial. One way to increase the conductivity is to increase the number of charge carriers in the 
polymer. This usually leads to some complications with mechanical stability due to dissolution 
or swelling in water. The ionic crosslinks present in LbL systems provide a physical restraint to 
swelling and dissolution. In addition to increasing the number of acid groups in the polymers, 
decreasing the distance the ions have to travel also can increase the performance of the fuel 
cell. Employing normal film forming techniques, such as solution casting, is difficult when trying 
to produce very thin films due to formation of pinholes. LbL self-assembly produces a defect 
free film that can be as thin as a few angstroms. 
Naturally, the current fuel cell membrane materials, including the state of the art fuel cell 
membrane polyelectrolyte, NafionTM, were the first polyelectrolytes to be studied for assem-
bling LbL membranes for fuel cell applications. DeLongchamp and Hammond138 layered linear 
PEI with NafionTM on ITO coated glass and tested the conductivity at a variety of humidified 
conditions. The conductivity is only 10-8 S/cm under fully hydrated conditions, which is much 
lower than neat NafionTM films. NafionTM is mechanically stable and highly conductive due to 
the nanophase separation of its hydrophobic backbone and the hydrophilic sulfonic acid side 
chains.32, 33 In the LbL films, the sulfonic acids are tied up in forming crosslinks. The crosslinks 
confine the chains and do not allow them to form hydrophobic and hydrophilic domains. With-
out the continuous hydrophilic domain the NafionTM becomes much more like a sheet of Teflon.
The Hammond group134, 140 studied more traditional LbL polyelectrolyte multilayers of 
PEO/PAA. PEO is a traditional electrolyte used in batteries. Many times it has low conductivity 
due to crystallization. The goal was to interrupt the crystallization by layering with PAA. It has 
much better conductivities than other LbL membranes, on the order of 10-5 S/cm, but still does 
not compare to the conventional membranes. 
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Tago and coworkers141 built membranes from PSS and poly(allyl amine) without any 
adjustments in pH or salt content. The films do not outperform NafionTM under hydrated condi-
tions. However, its performance does not change much under dry conditions, even achieving 
a conductivity of 10-3 S/cm at 120°C. These findings suggest that this layered membrane might 
be a successful candidate for high temperature fuel cells. 
Polyphosphazenes have also been studied in LbL systems.127, 129 Polyphosphazenes 
are an interesting class of materials because they are inorganic polymers that are easy to 
functionalize with a variety of functional groups. The inorganic backbone provides additional 
mechanical stability to the films. Akgol and coworkers127 synthesized trimethylammonium and 
carboxylate functionalized polyphosphazenes (Figure 1.31) and produced LbL films from them. 
They studied the conductivity of these materials and showed that conductivities in the range of 
10-10 – 10-7 S/cm could be achieved at room temperature under relative humidities ranging from 
17-90%.  Argun and coworkers129 were able to reach a conductivity of 7x10-4 S/cm at room 
temperature under 100% relative humidity with a hydrogen bonded alkyl ether functionalized 
polyphosphazene (Figure 1-26)/PAA LBL multilayer. This material also shows excellent water 




















Figure 1.31 Polyphosphazene polyelectrolytes.127, 129
Ashcraft and coworkers130 looked to strong polyelectrolytes to increase the conductiv-
ity of their membranes. Stronger acids should be better ion conductors because the proton is 
more labile. Sulfonated poly(2,6-dimethyl-1,4-phenylene oxide) (sPPO) was incorporated for its 
thermal and chemical stability. It was layered with PDDAC at various ionic strengths to opti-
mize its conductivity. The highest conductivity (0.07 S/cm at 100%RH and room temperature) 
was reached when the sulfonate ions were screened and the ammonium ions were not. This 
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produced thick layers of sPPO that were lightly crosslinked to thin layers of PDDAC, leaving an 
excess of sulfonic acids to conduct protons in the films. 
The field of LbL fuel cell membrane materials is still young. There is much room for 
improvement on the current materials as well as a plethora of other polymers to combine into 
new materials. Some areas that look promising include anion-conducting membranes. To the 
best of my knowledge there have been no LbL anion exchange fuel cell membrane materials 
produced. There have been some anion separation membranes but no mention of conductivity. 
Although there have been some aromatic polymers (sPEAK, sulfones and sPPO) incorporated 
into LbL membranes, there have been none that include fully aromatic polymers with no ali-
phatic components.
Conclusion
With continued research, fuel cells offer a promising future for energy production. 
Polymer electrolytes are one of the key components to improving fuel cells to a point of viabil-
ity in the marketplace. NafionTM has led the market since it was discovered many years ago. 
Research has been extensive looking for a cheaper, more environmentally friendly replacement 
with improved properties. Many different chemistries have been studied and much has been 
learned about how and why the materials behave in certain ways. No outstanding materials 
have been found that offer a significant improvement over NafionTM. 
More recent research has turned to designing polymer electrolytes for alkaline fuel cell 
membranes. The improved reaction kinetics in a basic environment provides many advantages 
over proton conducting fuel cells, such as cost and less catalyst required, lower operating tem-
perature, and lower methanol crossover in direct methanol fuel cells. A variety of chemistries 
have already been studied to increase the conductivity and decrease the absorbed water to 
provide an improved membrane. Many show promise, but much research is still needed. 
Almost all of the research done on fuel cell membranes suggests that the microstruc-
ture or the morphology of the polymer film plays an equal if not more important role in the 
performance than the chemical structure of the polymer. A nanophase separation is needed 
to provide good ion conduction and structural stability. New polymer systems being studied 
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need to provide ways to tailor the morphology to provide for some of this much needed phase 
behavior.
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SULFONAMIDE AS AN ACTIVATING GROUP FOR THE SYNTHESIS OF POLY(ARYL ETHER 
SULFONAMIDE)S BY NUCLEOPHILIC AROMATIC SUBSTITUTION
Reproduced with permission from Rebeck, N.T.1 and Knauss, D.M.2 Macromolecules 2011, 44 
(17), 6717. Copyright 2011 American Chemical Society.
Introduction
Poly(aryl ether)s have continued to be researched as an important class of polymers, 
due to their excellent thermal stability, good mechanical properties, as well as ease of function-
alization. The majority of poly(aryl ether)s are synthesized by reacting an activated diaryl halide 
and a bisphenol through a nucleophilic aromatic substitution (SNAr) mechanism. SNAr provides 
a flexible, inexpensive route to these high performance materials and can be accomplished 
when an electron-withdrawing group activates an aryl halide or aryl nitro for substitution by a 
nucleophile. The reaction occurs through a two-step mechanism in which the nucleophile first 
attacks and forms the tetrahedral intermediate Meisenheimer complex, and then upon loss of 
the halide leaving group, aromaticity is regained and the product ether is formed. The electron-
withdrawing group promotes this reaction in two ways. First, the electron-withdrawing nature of 
the activating group removes electron density from the carbon ipso to the fluorine, increasing 
the rate of attack by the nucleophile1, 2. Second, the electron-accepting character of the activat-
ing group lowers the activation energy by stabilizing the Meisenheimer complex3, 4. A variety 
of groups have been used to activate aryl fluorides for substitution by phenoxide nucleophiles 
and to provide an assortment of characteristics to the polymer. The most commonly used and 
most highly activating groups for polymerization have been sulfones4, 5 and ketones4, 6, but 
many other groups have also been shown to be activating for polymerization, including amides7, 
8, azomethine9,  sulfide10, thianthrene11, 12 and phosphine oxides13-15.
Activating groups are typically positioned to activate the ortho and para positions for 
nucleophilic substitution, although some examples of meta substitution have been demonstrat-
1Graduate student, primary researcher and author.
2Professor and author of correspondence
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ed for strong activating groups16, 17. Substitution at the ortho position, while supported by reso-
nance is found to be slower due to steric hindrance18, 19. The difference in reactivity has even 
been exploited to produce exclusively para substitution in some monomers18. Most poly(aryl 
ether)s are formed with 1,4-aryl linkages, forming polymers with rigid linear backbones. Poly-
mers with kinked backbones, formed by reaction at ortho substituted aryl halides have been 
less well investigated, however a few examples exist. Poly(aryl ether)s with pendent sulfones  
and ketones have been synthesized from sulfone and ketone activated 2,4 and 2,6-difluoroaro-
matics and a variety of bisphenols20. Poly(pyridine ether)s have also been synthesized in the 
bulk through the substitution of 2,6-difluoropyridine by various silylated bisphenols21. Multiple 
research groups have produced aromatic polyethers with pendent nitriles from 2,4 and 2,6-di-
nitro or dihalobenzonitriles using the more strongly activating nitrile group22-27. These studies 
show that pendent activating groups must be strongly activating to overcome the decreased 
reactivity from the steric crowding at the ortho position. 
The sulfonamide moiety has also been shown to be a stable group that can stand up to 
an array of reaction conditions and has led to the extensive use of sulfonamides as protecting 
groups for amines28-30 and sulfonic acids31 during multi-step syntheses. Sulfonamides have also 
been shown to activate aryl halides at the para position for nucleophilic displacement reactions 
under very mild conditions32-36. The mild reaction conditions suggest that the sulfonamide is 
strongly activated.  Surprisingly, to the best of our knowledge, sulfonamides have never been 
used to activate for SNAr polymerization. 
Sulfonamides allow for the incorporation of a new functional group into poly(aryl ether)s 
leading to a variety of new polymers. Sulfonamide activation of fluorines at both the ortho and 
para positions of a ring for substitution can produce polymers with pendent sulfonamides mak-
ing available a latent functionality that could be converted into a sulfonic acid. The work pre-




The following sections describe the polymerization procedure employed along with the 
monomer synthesis and purification. The instruments used in the characterization of all the 
products and precursors are also discussed.
Materials
2,4-difluorobenzenesulfonyl chloride (Sigma Aldrich, 97%), dimethylamine (Eastman 
Kodak, 26% solution in water) and dimethylformamide (Mallinckrodt Chemical, ChromAR) were 
used as received. 4-tert-butylphenol (Sigma Aldrich, 99%) was recrystallized from petroleum 
ether. 4,4’-isopropylidenediphenol (Bisphenol A) (Sigma Aldrich, 97%) and 4,4’-(hexafluoroiso-
propylidene)diphenol (Bisphenol AF) (Sigma Aldrich, >98%) were twice recrystallized from 
toluene. Bisphenol AF was further purified by sublimation under reduced pressure. 4,4’-Biphe-
nol (Sigma Aldrich, 97%) was twice recrystallized from acetone then sublimed under reduced 
pressure. Hydroquinone (Fisher Chemical, purified) was recrystallized from acetone. Potas-
sium carbonate (Fisher Chemical) was dried overnight under vacuum. N-methylpyrrolidinone 
(NMP) (Mallinckrodt Chemical, ChromAR) was twice distilled from phosphorus pentoxide under 
reduced pressure. 1,3-Dimethyl-3,4,5,6-tetrahydro-2-(1H)-pyrimidinone (DMPU) (Sigma Aldrich, 
98%) was distilled from calcium hydride under reduced pressure.
Characterization
Thermogravimetric analysis (TGA) was performed on a Seiko TGA/DTA320 at a heat-
ing rate of 10°C per minute under a nitrogen atmosphere. The glass transition temperatures 
(Tg’s) were measured on a Perkin Elmer Pyris 1 differential scanning calorimeter running Pyris 
software. Measurements were carried out at a heating rate of 10°C per minute under a ni-
trogen purge. Tg was taken at one half Cp extrapolated. 
1H, 13C, and 19F NMR measurements 
were performed on a QE-300 NMR spectrometer with a Techmag upgrade or a JEOL ECA-
500 NMR spectrometer. 1H and 13C NMR spectroscopy were performed on dilute solutions in 
CDCl3 or DMSO-d6 and referenced to tetramethylsilane at δ 0.00. 
19F NMR spectroscopy was 
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performed on dilute solutions in DMSO-d6. The 
19F chemical shifts were referenced to CFCl3 at 
δ 0.00. Intrinsic viscosity measurements were performed with a Cannon-Ubbelohde viscom-
eter in a 30 °C thermostat controlled water bath. Each data point was an average of at least 
three measurements. The intrinsic viscosity was taken as an average of the intercepts of the 
linear extrapolations of the reduced and inherent viscosities versus concentration plots.  Aver-
age molecular weights and molecular weight distributions were determined by gel permeation 
chromatography (GPC) on a Viscotek GPCmax VE-2001 chromatograph equipped with Vis-
cotek Model 270 Series differential viscometer/low angle laser light scattering detectors and a 
refractive index detector Model 3580. Elutions were performed with two ViscoGel I-Series col-
umns (I-M and I-H) in series at 55 °C. Dimethylformamide (DMF) with ammonium acetate (0.02 
M) was used as the eluent with a flow rate of 1 mL/min. Molecular weight data analysis was 
performed using OmniSec software. Matrix-assisted laser desorption/ionization-time-of-flight 
(MALDI-TOF) mass spectrometry was performed on a PerSeptive Biosystems Voyager DE in-
strument. Data Explorer software was used for data manipulation. The samples were prepared 
by depositing a 3:1:1 (by volume) mixture of a 1 mg/mL solution of polymer in DMSO, a 13.6 
mg/mL solution of 1,8,9-anthracentriol (dithranol) in THF and a 1 mg/mL solution of sodium 
trifluoroacetate in THF. The samples were dried in vacuo. Elemental analysis was performed 
by Huffman Laboratories (Golden, CO). The semiempirical calculations were performed with 
Spartan 04 software at the PM3 level.
Synthesis of 2,4-Difluoro-N,N-dimethylbenzenesulfonamide (1)
2,4-Difluorobenzenesulfonyl chloride (120.9 mmol, 25.71 g) was added to a 500 mL 
Erlenmeyer flask followed by 150 mL of dichloromethane. Dimethylamine  (271.4 mmol, 47.05 
g) was added to the flask with 200 mL of deionized water (DI H2O).  The mixture was stirred at 
room temperature for 3 days. The organic layer was separated and the aqueous layer was ex-
tracted two times with dichloromethane. The combined organic layer was washed with 5% hy-
drochloric acid, water, 0.1 M sodium hydroxide solution, and water. The dichloromethane was 
removed by rotary evaporation and the resulting oil crystallized upon cooling. The product was 
recrystallized twice from 65/35 ethanol/water and dried under vacuum overnight. Pure yield: 
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62%. MP: 30.1-31.2°C. 1H NMR (CDCl3 with respect to TMS at 0.00, δ): 2.84 (s, 6H), 6.94-7.04 
(m, 2H), and 7.85-7.93 (q, 1H). ELEM. ANAL. Calculated for C8H9F2NO2S: C, 43.43%; H, 4.11%; 
F, 17.18%; N, 6.33%; O, 14.46%, S, 14.49%. Found: C, 43.56%; H, 4.15%; F, 17.18%; N, 6.50%; 
S, 14.79%.
Synthesis of 2,4-(4-tert-Butylphenoxy)-N,N-dimethylbenzenesulfonamide (2)
1 (4.521 mmol, 1.000 g), 4-tert-butylphenol (9.107 mmol, 1.368 g), potassium carbon-
ate (6.79 mmol, 0.939 g), DMPU or NMP (9 mL) and toluene (10 mL) were added to a dry, two 
neck 50 mL round bottom flask. The flask was equipped with a stirbar, a Dean-Stark trap, a 
condenser and a nitrogen inlet. Water was azeotropically distilled with the toluene at 140°C 
for about 6 hours in a thermostat controlled oil bath. The temperature of the oil bath was in-
creased to 165°C for 20 hours. The reaction was monitored by thin layer chromatography (TLC) 
in 80/20 hexanes/ethyl acetate. The completion of the reaction was determined by the forma-
tion of a single product spot and the disappearance of 1. The product (2) was precipitated 
in 300 mL of DI H2O. The off-white precipitate was extracted with dichloromethane, washed 
with DI H2O four times and dried over magnesium sulfate. The solvent was removed by rotary 
evaporation. The product was purified by flash chromatography in 80/20 hexanes/ethyl acetate 
then recrystallized from 80/20 ethanol/water. The product was dried under vacuum overnight. 
Pure yield: 74%. MP: 114.0-118.6°C. 1H NMR (CDCl3 with respect to TMS at 0.00, δ): 1.31-1.32 
(d, 18H), 2.89 (s, 6H), 6.52-6.57 (m, 2H), 6.91-7.01 (dd, 4H), 7.34-7.39 (t, 4H), and 7.86-7.89 (d, 
1H). ELEM. ANAL. Calculated for C28H35NO4S: C, 69.82%; H, 7.32%; N, 2.91%; O, 13.29%, S, 
6.66%. Found: C, 70.01%; H, 7.31%; N, 2.96%; S, 6.79%.
Polymerization 
All polymerizations were carried out in a similar manner. The following is a detailed 
example polymerizing 1 with bisphenol A. 1 (9.051 mmol, 2.002 g) was weighed into a dry two 
neck 50 mL round bottom flask. The flask was equipped with a stirbar, a Dean-Stark trap, a 
condenser and a nitrogen inlet. The flask was charged with bisphenol A (9.051 mmol, 2.066 
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g), potassium carbonate (13.62 mmol, 1.882 g), NMP (13 mL) and toluene (10 mL). Water was 
azeotropically removed with the toluene at 140°C for 6 hours, after which the toluene was re-
moved. The temperature was increased to 165°C for 16 hours. The viscous mixture was diluted 
with 25 mL of NMP and precipitated in methanol. The polymer (3) was boiled in DI H2O for 
30 minutes then dried under vacuum at 80°C overnight.  Polymerizations using 4,4’-biphenol, 
bisphenol AF, and hydroquinone to produce polymers 4, 5 and 6, respectively, were performed 
in a similar manner.
Results and Discussion
A significant amount of research on new activating groups for nucleophilic aromatic 
substitution polymerization has been done to design the properties of poly(aryl ether)s for ap-
plications. The incorporation of a variety of functional groups into the backbone has produced 
polymers with a range of unique properties7, 9, 11, 13, 37-40. Polymers with pendent functionality 
offer an alternative method to produce desired properties. In order to incorporate the pendent 
functional group in poly(aryl ether)s, a separate functionality is typically included in one of the 
monomers in addition to the activating group or the polymer is functionalized post-polymeriza-
tion. These routes can lead to side reactions and a lack of control over functionalization. Also, 
the polymers contain multiple functionalities that can have an adverse effect on the properties 
of the polymers. Incorporating a sulfonamide to activate two positions on the same aromatic 
ring activates the aryl fluorides for substitution and incorporates the desired functionality into 
the polymer without interfering with the polymerization.
In order to study the activating nature of the sulfonamide moiety, a sulfonamide func-
tional difluorobenzene (1) was synthesized through a simple substitution reaction (Scheme 2.1). 
The reaction was carried out in an interfacial mixture, from which the product was easily recov-
ered and purified by recrystallization. The structure of 1 was confirmed by 1H, 13C and 19F NMR 
spectroscopy, mass spectrometry, and elemental analysis.
The effectiveness of an electron-withdrawing group to activate aryl fluorides towards 
nucleophilic substitution has been studied by two methods, each focusing on para-fluoro com-
pounds.  The first method is computational and examines the net charge on the ipso carbon 
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as a measure of the potential reactivity via a SNAr mechanism, with a larger positive charge 
at the ipso carbon indicating an increased reactivity with a nucleophile in a SNAr mechanism. 
Semiempirical molecular orbital calculations have been used to gauge reactivity of activated 
aryl fluorides1, 2, 40, 41. The second method to assess the activating nature of an electron-with-
drawing group for the nucleophilic displacement of aryl fluorides is through NMR spectrosco-
py.  The 1H, 13C, and 19F NMR chemical shifts are used to estimate reactivity based on correla-
tions derived from known activated molecules for SNAr polymerization. 



















Semiempirical calculations were performed at the PM3 level to estimate the reactivity of 
1 with nucleophiles. The results are shown in Table 2.1 along with literature results1, 2 for other 
aryl fluorides. Bis(4-fluorophenyl)sulfone and 4,4’-difluorobenzophenone are compared as 
commonly used monomers for polymerization. Bis(4-fluorophenyl)amide is compared as a sim-
ilar functional group. Fluorobenzene is included to depict an unreactive molecule. The charge 
at the carbon para to the sulfonamide was found to be 0.144. This value is significantly higher 
than strongly activated monomers such as sulfone or ketone2, suggesting that the sulfonamide 
is highly activating towards substitution.
NMR chemical shift values have been shown to correlate well with the reactivity of aryl 
fluorides with respect to electron-withdrawing groups.  The chemical shift of a proton ortho
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Table 2.1 Semiempirical Calculations and NMR Spectroscopy Results for 1 and Other Aryl 
Fluorides
Compound Charge at 
Ipso C




1 (C-F ortho to sulfonamide) 0.199 -0.078 159.93 -104.82
1 (C-F para to sulfonamide) 0.144 -0.080 165.79 -103.08
Bis-(4-fluorophenyl)sulfone 0.117a -0.085a 165.30a -104.08a
4,4’-Difluorobenzophenone 0.096a -0.088a 165.27b -106.01b
Bis(4-fluorophenyl)amide 0.095a -0.086a 164.04a -108.55a
4-Fluorobenzene 0.065a -0.093a 162.29a -112.77a
aData taken from literature.2 
bData taken from literature.1
to a substituent can be used to estimate the inductive electron-withdrawing capabilities42. 
1H NMR spectroscopy of 1 reveals a chemical shift of δ 7.89 for the proton ortho to the sul-
fonamide suggesting the monomer will have a reactivity similar to that of 4,4’-difluorobenzo-
phenone, which has a shift of δ 7.942. Although 1H NMR spectroscopy directly explores the 
electron withdrawing character of a moiety, it is an indirect method of examining the effect of 
an electron-withdrawing group on the reaction sites of a monomer. A more direct probe of the 
reaction site is 13C NMR spectroscopy. 13C NMR spectroscopy of 1 reveals the carbon para to 
the sulfonamide to have a chemical shift of δ 165.79 indicating it is more activated than sulfone 
(δ 165.30) and ketone (δ 165.27)1. 19F NMR also suggests that the para position is activated for 
polymerization with a chemical shift of δ -103.08. This value is similar to that found for bis-(4-
fluorophenyl)sulfone (δ -104.08)1. 1H, 13C, and 19F NMR results all suggest that 1 is activated 
for SNAr polymerization. Studies of the reactive site ortho to activating groups have not been 
explicitly investigated for comparison. In the case of 1, the ortho site is assumed to be reactive 
because of the strong activation estimated for substitution at the para position.
The reactivity of 1 with phenolic nucleophiles was examined through a model reaction 
with 4-tert-butylphenol in DMPU or NMP as a solvent using potassium carbonate as a weak 
base (Scheme 2.2). Poly(aryl ether)s are commonly synthesized using a weak base to generate 
the nucleophile in situ.7, 11, 13-15, 38, 43, 44 Thin layer chromatography was used to monitor the reac-
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tion. A single product was formed after 24 hours at 165 °C, indicating a complete reaction. The 
product was purified and identified by 1H NMR, mass spectrometry, and elemental analysis.  
The complete conversion of 1 in a short amount of time and at a moderate temperature sug-
gests that 1 is suitable for SNAr polymerization.


















The polymerization of 1 with various bisphenols is depicted in Scheme 2.3 following 
the same reaction conditions used in the model reaction. NMP was preferred over DMPU due 
to solubility issues.  A highly viscous solution indicative of high molecular weight polymer was 
formed within 16-24 hours at 165 °C. Polymers formed from bisphenol A and bisphenol AF ex-
hibit partial solubility in tetrahydrofuran and chloroform, and complete solubility in DMF, DMSO, 
and NMP. The polymers incorporating 4,4’-biphenol and hydroquinone were soluble in DMF, 
DMSO, and NMP. 
1H NMR spectroscopy was used to characterize the repeat unit structure of each of 
the polymers. The spectrum obtained from polymer 3 in DMSO-d6 is shown as an example in 
Figure 2.1 and the chemical shift assignments are depicted in the figure.
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Average molecular weights were measured by gel permeation chromatography using 
low angle light scattering detection.  Each of the polymerizations produced high molecular 
weight polymers with varying amounts of low molecular weight material as depicted in the GPC 
chromatograms  (Figure 2.2). The average molecular weights and polydispersities reported are 
determined by selecting the entire sample (Table 2.2). The peaks at high elution volume are 
presumably low molecular weight cyclics and are produced to varying extent depending on 
the bisphenol monomer used. The polymerization using 4,4-biphenol (4) and hydroquinone (6) 
result in larger amount of low molecular weight material. 4,4’-Biphenol and hydroquinone are 
very rigid molecules due to the aromatic rings and lack of free bond rotation. The rigidity of the 
monomer coupled with the meta linkage in the activated monomer is presumed to produce a 




Figure 2.1 1H NMR spectrum of polymer 3 in DMSO-d6.
Table 2.2 Characterization Results for Poly(aryl ether sulfonamide)s
Polymer Mn
a Mw
a Mw/Mn [η] (dL/g)
b Tg (°C)
c TGA 5% Lossc
3 109000 446000 4.1 0.99 163 435
4 20100 207000 10.3 0.30 199 417
5 34900 82900 2.4 0.27 187 442
6 7170 74400 10.4 0.21 169 398
aMeasured by GPC with light scattering detection. 
bMeasured in DMF at 30°C.
cMeasured under a nitrogen atmosphere.
The MALDI-TOF mass spectra for each of the polymers (Figure 2.3) exhibit a series of 
peaks with molecular weights matching cyclic species, suggesting that the 2,4 substitution 
influences the formation of cyclics. A similar phenomenon has been seen with difluorobenzo-
phenone, where the 2,4-difluorobenzophenone produced a larger amount of cyclics than other 
isomers.20 In the spectrum for polymer 4, the peak corresponding to the repeat unit trimer is 
missing. In the spectra for both polymer 4 and polymer 6, the distribution is favored towards
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Figure 2.2 Gel permeation chromatograms of poly(aryl ether sulfonamide)s. 
the lower cyclics. This data supports the conclusion that the larger low molecular weight peak 
in the GPC chromatograms for these two polymers is due to favored cyclic formation because 
of the rigidity of the comonomer.
The polymers were melt-pressed or solution cast into creasable thin films. Solution vis-
cometry was used to measure the molecular weight to corroborate the high molecular weight 
measured for polymer 3. It was hypothesized that the unusually high molecular weight could be 
due to aggregation of chains. The viscosity was measured using a Cannon-Ubbelohde viscom-
eter at a series of concentrations of each polymer. The reduced and inherent viscosities were 
calculated and plotted against concentration. The linear data was extrapolated to zero con-
centration and the intrinsic viscosity was taken as the average of the two intercepts. Intrinsic 














Figure 2.3 MALDI-TOF mass spectra of poly(aryl ether sulfonamide)s. 
viscosities versus concentration were very linear with R2 values of 0.999 and 0.993, respec-
tively (Figure 2.4). The linearity suggests that there is no aggregation and the high viscosity is 
due to the high molecular weight of the polymer. The data for the other polymers were similarly 
linear and the intrinsic viscosities correlated well with the molecular weight values determined 
by light scattering. 
The thermal properties of the polymers were measured by differential scanning calorim-
etry (DSC) and thermogravimetric analysis (TGA) (Table 2.2). The polymers exhibited moderate-
ly high glass transition temperatures (Tg) in the range of 163-199 °C depending on the bisphenol 
used. Polymer 4 exhibited the highest Tg at 199 °C and this can be attributed to the rigidity
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Figure 2.4 Plot of reduced viscosity() and inherent viscosity () versus concentration mea-
sured in DMF at 30 °C. Linear fits of reduced viscosity ( ) and inherent viscosity (- - - - -) 
are also plotted. 
imparted by the 4,4’-biphenol in the backbone. Polymer 5 also displayed a higher Tg than 
polymers 3 and 6 due to the stronger interchain interactions of the –CF3 groups. The thermal 
stabilities of these polymers were determined using dynamic TGA in a nitrogen atmosphere at 
a heating rate of 10 °C per minute (Figure 2.5). All of the polymers exhibited good thermal sta-
bility with 5% weight loss values from 398 to 443 °C depending on the bisphenol used in the 
polymerization (Table 2.2). Polymers 3 and 4 show some weight loss starting around 200 °C. 
This can be attributed to residual NMP solvent that was difficult to remove from the very high 
molecular weight polymers.  
Conclusions 
This research confirms that sulfonamides activate aryl fluorides for substitution in SNAr 
polymerization. The activation allowed quantitative substitution at both the ortho and para po-
sition, producing pendent sulfonamide polymers. The incorporation of different bisphenols
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Figure 2.5 Thermogravimetric analysis of polymers 3 ( ), 4 ( ), 5 ( ), and  
6 ( ) in a nitrogen atmosphere at a heating rate of 10 °C per minute. 
introduced compositional variety into the high molecular weight polymers that were formed. 
The materials demonstrated moderately high Tg’s from 163 to 199 °C, depending on the bi 
sphenol used in the polymerization. Good thermal stabilities were shown for each polymer with 
5% weight loss values at or above 400 °C. 
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CHAPTER 3  
POLYMERIZATION OF 2-AMINOPHENOL BY NUCLEOPHILIC AROMATIC SUBSTITUTION
A variety of different polymers incorporate amines to impart certain chemical and physi-
cal properties. For example, branched or linear polyethylenimines, produced from cationic ring 
opening of aziridines or 2-oxazolines, respectively, can modify adhesion properties in biologi-
cal and materials science applications.1-5 Polyoxazolines have also been used to make nonionic 
surfactants6-9 and hydrogels10-14.
A variety of amines are also used in polymer forming condensations to produce robust 
high performance polymers. Amines are reacted with acyl halides to form polyamides, also 
known as nylons, which are used in a large number of applications including gears for motors 
and fabric for clothing due to their ability to form strong fibers and engineering plastics. Poly-
imides are also formed from amines. In this case, amines are reacted with dianhydrides to form 
very durable polymers with excellent heat and chemical resistance. Aromatic amines exhibit 
lower reactivity as nucleophiles in these condensation reactions due to a lower basicity than 
aliphatic amines.15 However, the aromatic rings are beneficial for producing the desired proper-
ties of thermal stability and chemical resistance, which are needed for high performance ap-
plications. Silylating aromatic amines has been shown to increase their reactivity, allowing for 
lower reaction temperatures and shorter reaction times to produce polyamides16, polyimides17, 
and polyureas18. Another route to condensing amines into polymers is through a ruthenium 
catalyzed reaction with alcohols.19 Examples, which employ aromatic bisphenols and diamines, 
produce polymers with N-C(aromatic) bonds that exhibit excellent thermal stability.
Amines are not typically reactive in nucleophilic aromatic substitution (SNAr) polym-
erizations, however there are a few examples of some nitrogen nucleophiles behaving like a 
phenoxide, the typical nucleophile in SNAr, to make high molecular weight polymer.
20-27 The Hay 
group20-23 discovered that the nitrogen of a phenolphthalein derivative, phthalazinone, reacts 
with activated aryl halides to form aromatic C-N bonds. The resulting high molecular weight 
polymers are very stable and exhibit high glass transition temperatures. The C-N bond forma-
tion research was extended to include bisbenzimidazoles24 and benzimidazolone25 as mono-
mers. The benzimidazoles need higher reaction temperatures to form polymers, nevertheless, 
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the resulting polymers demonstrate excellent absorption and fluorescence properties leading 
to application as optical materials.24 Additionally, biscarbazoles were shown to polymerize with 
bis(4-fluorophenyl)sulfone by reacting the nitrogen of the carbazole with the activated position 
of the sulfone.26, 27 The resulting polymers provide interesting electronic and optical properties 
that can be adjusted based on the comonomers and the spacers between the carbazoles.27 
The work described herein shows that another aromatic amine, 2-aminophenol, also 
shows reactivity with activated arylhalides under SNAr conditions. 2-aminophenol and bis(4-
chlorophenyl)sulfone were polymerized under normal SNAr conditions (Scheme 3.1). Stoichio-
metric amounts of each monomer were dissolved in 1,3-dimethyl-3,4,5,6-tetrahydro-2-(1H)-py-
rimidinone (DMPU) to form a 26 % solution. A 50 mole% excess of potassium carbonate was 
added and the mixture was subsequently heated to 140 °C for 6 hours. Water was azeotropi-
cally removed with toluene and then the temperature was increased to 165-180 °C for at least 
24 hours. An off white to yellow solid was precipitated from the reaction mixture with metha-
nol. The solid was boiled in water to remove any extra salts. Yields greater than 85 % were 
achieved. 














The polymer exhibited interesting properties. The powder was insoluble in chloroform, 
dichloromethane, and tetrahydrofuran (THF); however, it was soluble in high boiling polar 
aprotic solvents such as dimethylsulfoxide (DMSO), dimethylacetamide (DMAc), and dimethyl-
formamide (DMF). Attempts to cast films from DMSO or DMF formed brittle sheets of powder 
that break upon touching. 1H NMR spectroscopy shows a clear disappearance of monomer 
and the appearance of new singlets attributed to amine protons along the backbone (Figure 
3.1). Gel permeation chromatography was used to determine the molecular weight of the poly-
mers. The molecular weights and intrinsic viscosities, calculated using in line refractive index, 
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viscometry, and light scattering detection, are given in Table 3.1 for four different samples. The 
high molecular weights do not agree very well with the film forming properties or the very low 
intrinsic viscosities suggesting possible aggregation or incomplete solubility.
 
Figure 3.1 1H NMR spectra of 2-aminophenol, bis(4-chlorophenyl)sulfone, Polymer 3, and the 
model reaction in DMSO-d6.
Table 3.1 Polymer Molecular Weight Averages and Intrinsic Viscositya 
Sample MN MW MW/MN [η]
P1 45600 75100 1.65 0.12
P2 34800 86100 2.47 0.11
P3 41700 73900 1.77 0.08
P4 9600 39000 4.04 0.08
aCalculated from in line refractive index, light scattering, and viscometry using OmniSEC soft-
ware.
Model reactions were performed with 2-aminophenol, o-phenylenediamine, and p-
phenylene diamine to better understand the reactions of amines in SNAr polymerization. One 
equivalent of amine monomer was reacted with two equivalents of 4-chlorophenylphenylsul-
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fone and 1.5 equivalents of potassium carbonate in N-methylpyrrolidinione (NMP) or DMPU 
under the same conditions as the polymerizations (Scheme 3.2). The reactions were monitored 
by thin layer chromatography (TLC). For each of the diamines, no reaction occurred. In the 
case of 2-aminophenol, one new spot formed in the TLC by the end of the azeotrope time. This 
spot increased in intensity as the sulfone spot decreased in intensity. After 3 hours at 160 °C, 
a second broad spot formed and fluoresced upon exposure with ultraviolet light. By the end 
of 48 hours the first spot had decreased somewhat in intensity and the broad fluorescent spot 
became more intense. The products were extracted with dichloromethane and concentrated. 
Gas chromatography coupled with mass spectrum detection showed two peaks with 
the same molecular ion peak at 325 m/z, however the fragmentation patterns were different. 
The ratio of the products was also opposite to that observed in the TLC. 




































The products were further studied by 1H NMR spectroscopy (Figure 3.1). Four singlets 
were present at 4.99 ppm, 8.23 ppm, 9.55 ppm, and 9.75 ppm. No unreacted aminophenol 
was present. The only other protons to produce singlets would be those from unreacted amine 
or phenol (M2 and M3) and the product secondary amines (M1 and M3). Chemical shifts for 
similar amines and phenols are listed in Table 3.2. Employing these values, the peaks were 
assigned to the possible reaction products shown in Scheme 3.2. The peak at 4.99 ppm is at-
tributed to the unreacted amine of the product of the single substitution of the phenol, M2. The 
peaks at 9.55 ppm and 8.23 ppm are present in a 1:1 ratio and are assigned to the unreacted 
phenol and secondary amine, respectively, in M3, the product of the single substitution of the 
amine. The secondary amine of the double substitution product, M1, is assigned to the peak at 
9.75 ppm. The chemical shifts correlate well with what is expected from the possible products. 
The yield of each product was determined by comparing the integration ratio of each of the 
singlet peaks and is given in Scheme 3.2. After separation by column chromatography, the 1H 
NMR spectra showed the first product to form during the reaction was the single substitution 
at the phenol. The later fluorescent product was actually a mixture of the single substitution at 
the amine and the double substitution product. Since both intermediate products and the final 
product were present after two days of reaction, the reaction was terminated and determined 
to be unable to go to completion. 
By comparing the 1H NMR spectra of the model reaction and the polymerizations the 
singlet peaks of the model reaction products have similar chemical shifts to the singlets that 
show up in the polymer spectra. Assuming they correspond to the same types of protons, 
the peaks at 4.99 ppm, 8.23 ppm, and 9.55 ppm can be considered as the end groups of the 
polymers and the peak at 9.75 ppm is the backbone secondary amine. The ratio of the singly 
substituted products to the backbone amine peak is high, suggesting that there are many end-
groups. Many endgroups implies lower molecular weight polymers. This agrees well with the 
poor film forming properties and the low instrinsic viscosity. 
In conclusion, 2-aminophenol is more reactive than some other aromatic amines under 
SNAr conditions. Low molecular weight polymers were formed when 2-aminophenol was re-
acted with bis(4-chlorophenyl)sulfone. However, the reaction did not reach completion in a rea-
sonable amount of time under practical conditions, therefore, high molecular weight polymers 
68
were not achieved. Further study of the reactivity of aminophenol to form model compounds 
revealed the reaction was not quantitative. Monomers used in SNAr polymerization must be 
able to completely react to form high molecular weight polymers, therefore, 2-aminophenol is 
not suitable as a monomer for the formation of high molecular weight polymers in SNAr polym-
erization.
Table 3.2 1H NMR Chemical Shifts for Similar Compounds














-NH  4.4 (CDCl3)
a






aData taken from SDBS.28 
bSpectra were measured in DMSO-d6 unless otherwise stated.
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CHAPTER 4  
POLYELECTROLYTE MULTILAYER ANION EXCHANGE MEMBRANES FOR FUEL CELLS
A paper submitted for publication in Solid State Ionics.
Nathaniel T. Rebeck1 and Daniel M. Knauss2
Introduction
Cleaner and renewable energy conversion options have been hot research topics in 
recent years with fuel cells being a major player. Fuel cells have the ability to use the chemi-
cal energy stored in hydrogen sourced from intermittent renewable sources such as solar and 
wind, thus providing a renewable path towards clean energy. Depending on the materials used 
to build the fuel cells, liquid fuels such as methanol or ethanol could be used to power portable 
electronics or even cars while utilizing the current fuel infrastructure. Currently, commercial 
products exist that already meet these goals, but they are very expensive and require much 
more development before they can compete with the current industry standards. 
Most fuel cell research in recent years has been on proton exchange membrane (PEM) 
fuel cells. Perfluorosulfonic acid ionomers, such as DuPont’s Nafion™, have been the industry 
benchmark because these materials have very high conductivity at reasonable temperatures.1, 
2 The materials rely on water to move the protons through the membrane, making hydration 
a key factor in their operation. The redox chemistry at the electrodes requires precious metal 
catalysts in order to produce power. When fuels derived from hydrocarbons, such as reformed 
hydrogen or methanol, are used in these fuel cells, the catalysts can be easily poisoned by CO 
present in the fuel stream.3 Poisoning can be overcome by operating at higher temperatures, 
typically over 100°C, which causes dehydration issues and limits conduction of protons, ulti-
mately reducing performance.4 
Alkaline fuel cell research has seen a resurgence in recent years after being popular 
for power generation on spacecraft since the 1960s.5 Traditionally, the electrolyte in an alka-
1Graduate student, primary researcher and author.
2Professor and author of correspondence
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line fuel cell is aqueous sodium or potassium hydroxide. There are many engineering hurdles 
when using a liquid electrolyte. In addition to these hurdles, the cations can form precipitates 
as alkaline metal carbonates that form from CO2 that is present in methanol or hydrogen from 
reformed hydrocarbons, ultimately leading to clogging of the catalyst layers.5-8 
More recently, research has focused on alkaline exchange membranes (AEM) as a 
potential solution to these problems. The carrier groups are bound to a polymer backbone, 
thereby taking away the possibility of carbonate precipitation as well as providing a more me-
chanically robust solid polymer electrolyte. Advantages of AEM fuel cells over PEM fuel cells 
are the potential use of more economical non-precious metal catalysts and the ability to use 
inexpensive, more abundant materials for other parts of the fuel cell. The basic environment in 
alkaline fuel cells provide more efficient reactions at the electrodes allowing the use of nickel 
or silver-based catalysts, which are not as susceptible to poisoning as platinum.9-11 PEM fuel 
cells operate in very acidic environments, leading to corrosion when certain metals are used to 
make components. In the basic environment of AEM fuel cells, materials such as stainless steel 
are easily incorporated making the product more economical and easier to produce. 
AEM fuel cells continue to have areas that need improvement. Alkaline exchange mem-
branes tend to display lower conductivity than their proton exchange counterparts.5 Additional-
ly, they can have mechanical issues, such as swelling and dissolution in water, that are caused 
by increasing the number of charge carriers in the films and the balance of hydrophobic to 
hydrophilic character. 
One way to overcome some of these difficulties is to use layer-by-layer (LbL) assembly 
to build membranes. LbL is a relatively new technique that relies on the electrostatic interac-
tions between oppositely charged ions in order to build very thin, defect free, layered films.12 
The ionic crosslinks hold the layers together and form a molecular polyelectrolyte complex. 
In fuel cell membranes, LbL research has focused on making direct methanol fuel cell 
membranes more selective and making ultrathin membranes. Building a LbL complex on either 
side of a Nafion™ membrane can decrease the methanol permeability by over two orders of 
magnitude while only decreasing the conductivity by a factor of three.13 Ultrathin membranes 
have been produced using a variety of combinations of anionic and cationic polymers.13-21 
Most of the materials have exhibited fairly low conductivity. This is most likely due to most of 
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the charge carriers being tied up in forming ionic bonds instead of being free to conduct ions 
through the membranes. 
The concentration of free charge carriers can be modified by adjusting the deposition 
conditions. Changing the pH or the ionic strength of the deposition solutions can increase or 
decrease the thickness of each layer deposited. The pH controls how many ionizable acids or 
bases are in the acid or salt form, thereby dictating how many groups on a polymer backbone 
are available to make ionic bonds with the previously deposited layer. Similarly, it has been 
shown that adjusting the ionic strength of the solutions can be used to tailor the thickness of 
each layer.13, 16, 17, 22 The addition of more ions into the solutions screens the charges on the 
polymers allowing fewer groups to form ionic bonds at the surface, thereby building thicker 
“loopy” layers. Ashcraft and coworkers16 showed that by placing salt in only one polymer solu-
tion, they could build thick layers of one polymer and thin layers of the other. In doing so, the 
fraction of polymer containing carriers for ion conduction can be increased, thus providing a 
higher concentration of free carriers in the film and increasing the conductivity. Their system 
offered a film that had a conductivity of the same order of magnitude as Nafion™ at room tem-
perature, more than three orders of magnitude higher than the highest conductivity previously 
recorded for LbL membranes. 
To the best of our knowledge, there are no cases of ultrathin membranes made for hy-
droxide conduction. This research is focused on producing ultrathin membranes for hydroxide 
conduction with high conductivity.  
Experimental
The following sections describe the polymer functionalization procedure employed 
along with the membrane assembly procedures. The instruments used in the synthesis, as-
sembly and characterization of all the polymers and membranes are also discussed.
Synthesis of Poly(2-bromomethyl-6-methyl-1,4-phenylene oxide) (BrPPO) 
Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) (2.00g, 16.65mmol repeat unit, Aldrich, 
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Mn ~32000, Mw ~244000)  was weighed into a 3 neck 500mL round bottom flask equipped 
with a magnetic stirbar, condenser, addition funnel and argon bubbler. 1,1,2,2-Tetrachloroeth-
ane (TCE) (200mL, Aldrich, 98%) was added and the mixture was stirred until the polymer had 
completely dissolved. The solution was heated to reflux. The addition funnel was charged with 
Br2 (0.85mL, 16.59mmol, AlphaAeser, 98%) and TCE (85mL) and was added dropwise over 8 
hours. The solution was stirred at reflux for an additional hour. Excess TCE was removed by 
distillation. The polymer was precipitated from methanol, filtered and dried in vacuo at 80°C 
overnight.
Amination of BrPPO 
BrPPO (2.52g) was weighed into a 500mL round bottom flask equipped with a magnetic 
stirbar. Chloroform (150mL) was added and the flask was sealed with a rubber septum. Once 
the polymer had dissolved, the flask was placed in an ice bath. Trimethylamine gas (Aldrich, 
99% anhydrous) was condensed into the flask until about 10mL of liquid had been added. The 
solution became cloudy almost instantly. The mixture was allowed to come to room tempera-
ture and stirred for 2 days. The excess amine and all of the solvent were removed by rotary 
evaporation. The polymer was dried in vacuo at 80°C overnight.
Film Formation 
Polymer solutions (2 mg/mL) of aminated PPO and poly(styrene sulfonate, sodium salt) 
(Aldrich, Mw~1,000,000) were prepared in water. Glass slides or silicon wafers were cleaned in 
piranha solution at 90°C for 1hr, then rinsed sequentially in water, methanol, and chloroform. 
Films were assembled on the glass or silicon substrates by a homemade dipping robot using a 
dipping cycle consisting of a 15 minute dip in the polymer solution followed by three 2 minute 
rinses in water followed by the same process for the other polymer to complete the bilayer. The 
cycle was repeated to give the desired number of bilayers or total thickness. Sodium chloride 
was added to select solutions to screen the ions and build thicker layers. The rinse solutions 
were changed after every 20 bilayers.
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Dipping Robot 
The homemade dipping robot used to assemble the films was designed and built based 
on an example from literature.23 The dipping mechanism consists of a sample holder attached 
to the end of a pneumatic actuator that is mounted to a stepper motor controlled stage. This 
provides precise control of the position of the sample in the horizontal direction and two posi-
tions, up or down, in the vertical direction. A program written in LabVIEW design software con-
trols the system. The front panel of the program allows for inputs on the position and duration 
of each dip and how many dipping cycles to perform. 
Characterization 
1H NMR spectroscopy was performed using a JEOL ECA-500 spectrometer in CDCl3 or 
DMSO-d6 with respect to TMS (δ 0.00). Gel permeation chromatography was performed using 
a system consisting of a Waters 600 Pump, Wyatt Optilab DSP refractive index detector, Wyatt 
MiniDAWN light scattering detector and 2 PL-gel 5μ Mixed C columns. Film thickness was 
measured on silicon wafers using spectroscopic ellipsometry on a J.A. Woollam VASE ellip-
someter at an angle of 70°. Data was recorded across a wavelength range of 300-1300nm and 
fit with a Cauchy model. Grazing angle attenuated total reflectance (GATR)-Fourier transform 
infrared (FTIR) spectroscopy was performed on a Harrick Scientific GATR-FTIR attachment 
coupled with a Thermo-Electron Nicolet 4700 spectrometer utilizing Nicolet’s OMNIC software. 
Conductivity was measured by electrochemical impedence spectroscopy using a Bio-Logic 
VMP3 potentiostat under controlled temperature and relative humidity in a TestEquity H1000 
oven and data was collected using EC Laboratories software. Membranes were held in four 
electrode cells with platinum electrodes. 
Results and Discussion
Commercially purchased PPO was functionalized as depicted in Scheme 4.1. Bromina-
tion was accomplished using bromine diluted with tetrachloroethane. The reaction was con-
fined to the benzylic position by limiting the local concentration of bromine and performing the 
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reaction at reflux in tetrachloroethane according to a literature procedure.24 The extent of bro-
mination was controlled by the ratio of bromine to repeat unit of the polymer. The reaction was 
found to be less than quantitative, requiring additional bromine to produce the desired levels 
of functionalization. The extent of bromination was repeatable, consistently reaching approxi-
mately 70% conversion (Figure 4.1). Desired functionalization levels could be realized within 
5%. The degree of bromination was determined using 1H NMR spectroscopy by comparing the 
integration values of the peaks associated with the bromomethyl group and the remaining un-
reacted methyl groups. Gel permeation chromatography was performed in order to show that 
the harsh conditions of the bromination reaction did not degrade the polymer. All of the chro-
matograms showed a shift to lower elution volumes and therefore a higher molecular weight 
upon bromination with no tailing to low molecular weight, illustrating an increase in molecular 
weight with no degradation. 
















The benzylbromide groups were converted to benzyltrimethylammonium bromide by 
the addition of trimethylamine gas at room temperature to chloroform solutions to give benzyl-
trimethylammonium bromide functionalized PPO. 1H NMR and infrared spectroscopy confirmed 
that the conversion was essentially quantitative. Upon functionalization, the infrared spectrum 
shows a loss of the peak from C-Br stretching at around 580 cm-1 and the appearance of a 
peak at 3400 cm-1 corresponding to the water that is absorbed as the film becomes hydrophilic
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Figure 4.1 Reaction efficiency for the bromination of poly(phenylene oxide).
(Figure 4.2). The 1H NMR spectrum shows the appearance of a peak corresponding to the pro-
tons of the three methyl groups of the ammonium bromide that is formed upon amination (Fig-
ure 4.3). The integration ratio of the ammonium methyl protons to the unreacted methyls on the 
backbone agrees with the ratio of bromomethyl to unreacted methyl groups in the brominated 
PPO spectrum. Polymers containing functional groups on approximately more than half of the 
repeat units become water-soluble. Polymers with a functionalization level of 1.05 ammonium 
groups per repeat unit were used in this research.
A dipping robot was designed and built to automate and produce a consistent dip-
ping process. A literature design23 was simplified from three-dimensional fine control to one-
dimensional fine control and one dimension with coarse control. The sample is mounted to a 
pneumatic actuator in the vertical direction with magnets. The actuator is designed to be in 
either a down or up position corresponding to the sample being in or out of the dipping solu-
tion, respectively. The actuator is mounted to a moveable stage controlled by a stepper motor 
that is capable of accurate horizontal positioning within 5 μm. The whole sample positioning 
assembly is mounted to a simple frame. The actuator and stepper motor are controlled by a 
program written in LabVIEW design software and connected with some simple electronics. The
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Figure 4.2 Infrared spectra of brominated and aminated poly(phenylene oxide).
Figure 4.3 1H NMR spectra of brominated poly(phenylene oxide) (top) and aminated 
poly(phenylene oxide) (bottom). 
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program is written for eight positions corresponding to the two polymer solutions and three 
rinses between each polymer. The position and dip duration of each solution as well as the 
number of dipping cycles to perform are the only inputs needed to run the system. The entire 
system is shown in Figure 4.4. 
Figure 4.4 Image of the homemade dipping robot used in assembling the LbL films.
Films were assembled by alternately dipping clean glass substrates in 2 mg/mL aque-
ous solutions of ammonium functionalized PPO and poly(sodium styrene sulfonate) with rinses 
in deionized water between each polymer. Both polymers adsorbed to the surface as con-
firmed by GATR-FTIR spectroscopy. Changing either the pH or ionic strength of the deposition 
solutions can adjust the bilayer thickness. Since trimethylammonium is a permanent ion and 
sulfonic acids have such a low pKa, pH has no effect on the adsorption of polymers contain-
ing these groups under reasonable assembly conditions. Therefore, the only way to adjust the 
bilayer thickness for this system is to increase the ionic strength of one or more of the deposi-
tion solutions. As discussed before, the extra ions in solution screen the charge on the polymer 
backbones allowing fewer of them to bind with opposite charges on the surface, thus building 
thicker layers. This polymer system exhibited a linear increase in thickness with the adsorption 
of each additional bilayer independent of deposition conditions (Figures 4.5 and 4.6). By add-
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ing salt to both polymer and all the rinse solutions bilayer thickness grew from 1nm per bilayer 
with no salt to a maximum of almost 40nm per bilayer for solutions containing 0.5M sodium 
chloride. Adding 1.0M sodium chloride to just the aminated PPO solution increased the bilayer 
thickness 5 fold—from under 1 nm per bilayer to over 5 nm per bilayer. When additional elec-
trolyte was added to all the dipping solutions (0.2M sodium chloride along with each polymer) 
the film growth was observed to follow a change in thickness that was closer to exponential 
growth. This behavior has been seen in other research where films are built with added salt in 
the solutions.25-27 The exponential growth is due to interpenetration of the layers. As the total 
thickness increases, the interpenetration decreases, making thicker more uniform outer lay-
ers.26   
Figure 4.5 Change in thickness with increase in bilayer for membranes built with salt in all 
deposition solutions.
Two series of membranes were studied to determine the deposition conditions that pro-
duce the highest conductivity for the resulting films. Series A samples were assembled from 
deposition solutions that all contain extra salt to maximize the thickness of each layer and the 
total ion content. The bilayers consist of thick layers of each polymer both containing free
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Figure 4.6 Change in thickness with increase in bilayer for membranes built with salt in only in 
the aminated poly(phenylene oxide) deposition solution.
charges not involved in ionic crosslinking of each layer. The second series of films, series B, 
had the salt restricted to only the aminated PPO solution to maximize the cation fraction and 
increase the number of free ammonium charge carriers. These films are thick layers of ami-
nated PPO held together by thin layers of PSS. All of the sulfonate ions should be involved in 
binding the layers together with only a small portion of the trimethylammonium ions participat-
ing in crosslinking, leaving the balance of cations to act as free charge carriers. All of the films 
were thoroughly rinsed to remove all excess salt from the assembly so that only the difference 
in inherent charge carriers contribute to the properties of the films. 
The chloride conductivity was measured as a function of temperature for all the films 
(Table 4.1). The films from series A exhibited poor performace overall.  Film A-3 reached the 
highest conductivity of the series (7 mS/cm) at 90°C. This is fairly low conductivity especially 
at this high temperature. Conductivity at 60°C, a more reasonable operating temperature, only 
reached just above 3 mS/cm. The best anion conducting membranes can reach conductivities 
an order of magnitude higher at room temperature. The second series of films, those with in-
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creased free cation contents, show decent conductivity at reasonable operating temperatures. 
Sample B-3 showed the best performance with a chloride conductivity of 21 mS/cm at 60°C 
that increased to 28 mS/cm at 80°C. The high conductivity can be attributed to the increase in 
free charge carriers contributed by the thick layers of cationic polymer and low crosslink densi-
ty. The conductivity decreases at 90°C most likely due to swelling at the high relative humidity. 
The increased length of the film upon swelling decreases the conductivity, which is normalized 
to the unswollen length.
An attempt was made to convert the films to hydroxide form by soaking in 1M aqueous 
sodium hydroxide solution. While soaking in hydroxide solution, the films delaminated from the 
glass substrate and broke up into small pieces. All of the studied ion exchange conditions de-
stroyed the films. Future work is directed at forming alkaline stable, thicker films and measuring 
their hydroxide conductivity.




50°C 60°C 70°C 80°C 90°C
A-1 0.2 Ma 0.6 2.2 2.8 3.4 5.9
A-2 0.5 Ma 0.1 1.0 1.2 1.5 2.3
A-3 1.0 Ma 0.6 3.4 3.5 4.7 6.5
B-1 0.2 Mb 4.6 6.0 9.0 8.4 23
B-2 0.5 Mb 1.4 5.6 6.7 7.1 13
B-3 1.0 Mb 2.2 21 26 28 18
aNaCl in all of the assembly solutions. bNaCl in aminated PPO solution only. cMeasured at 95% 
relative humidity.
Conclusions
Polyelectrolyte multilayers of ammonium functionalized PPO and poly(styrene sulfonate) 
can be prepared through layer-by-layer self-assembly. A large number of charge carriers were 
incorporated into the film by maximizing the fraction of cationic polymer. Films with large frac-
tions of cationic polymers exhibit chloride conductivities that increase with temperature. The 
respectable conductivity matched with the flexibility and utility of layer-by-layer assembly make 
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these films very good potential candidates for anion exchange membranes with possible use in 
alkaline fuel cells.
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CHAPTER 5  
POLY(PHENYLENE OXIDE) COPOLYMER ANION EXCHANGE MEMBRANES FOR FUEL CELLS
A paper submitted for publication in Journal of Polymer Science: Part B Polymer Physics.
Nathaniel T. Rebeck1,2, Yifan Li1,3, and Daniel M. Knauss4
Introduction
Alkaline fuel cells have the potential to be a viable energy conversion platform for nu-
merous applications. The basic environment encourages better reaction kinetics at the elec-
trodes compared to proton exchange membrane fuel cells.1 Additionally, non-precious metal 
catalysts such as nickel can potentially be used, which would decrease the cost of the device 
substantially.2-4 However, traditional liquid electrolytes in alkaline fuel cells cause engineering 
challenges as well as exhibit decreased lifetimes because of reactions with carbon dioxide.1, 5 
Development of cationic functional polymers as alkaline exchange membranes can simplify the 
engineering that goes into the fuel cells as well as eliminate the reactions with carbon dioxide 
because of the lack of free metal cations available to precipitate carbonates.5, 6
Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) has shown promise as an alkaline fuel 
cell membrane material due to its thermal and chemical stability and the ease of functionaliza-
tion with quaternary ammonium hydroxide conducting groups. Commercially available PPO 
has been reacted with bromine or chloroacetyl chloride to form benzylbromide or chloroacetyl 
functionalized PPO, respectively.7, 8 The halo-alkyl groups in each case are readily substituted 
with a tertiary amine to form an ammonium functionality on the PPO backbone. Both types of 
aminated PPO produce films with low resistance to ion conduction.7, 8 Blends of the two poly-
mers were aminated and tested for properties relating to fuel cells. The best films were able 
to conduct hydroxide at 32.5 mS/cm, but with an ion exchange capacity of about 3 meq/g, 
swell dramatically with a water uptake of 280 %.9 The polymers were heated to allow them to 
1Graduate student.
2Primary researcher and author.
3Secondary researcher.
4Professor and author of correspondence.
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crosslink through a Friedel-Crafts reaction between chloroacetyl groups and aromatic rings in 
the polymer backbone. The crosslinked membranes retained a conductivity of 25 mS/cm with 
an ion exchange capacity of 1.5 meq/g and only 45 % water uptake.10 In other research, Li and 
coworkers aminated PPO with tertiary amines that each contained one long aliphatic chain.11 
These comb shaped functional polymers provided good hydrophobic and hydrophilic phase 
separation leading to hydroxide conductivity of 14 mS/cm and 50% reduced water uptake 
compared with a material formed by aminating with a small tertiary amine such as trimethyl-
amine (5 mS/cm).11 Organic-inorganic hybrid membranes of silica impregnated aminated PPO 
films have also been synthesized and produced conductivities up to about 35 mS/cm with an 
ion exchange capacity of just over 2 meq/g and a water uptake of only 25 %.12 
The mechanism of polymerization of PPO is depicted in Scheme 5-1, where 2,6-dimeth-
ylphenol is polymerized through a copper-amine complex catalyzed oxidative polymerization.17 
Scheme 5.1a shows the growth of polymer chains by the radical addition to the chain ends. 
However, the polymerization is complicated by a second reaction that involves redistribution of 
the polymers, where two oligomers/polymers of any length can react to form a quinone ketal 
that can transfer one unit between them as depicted in Scheme 5.1b. This redistrubution pro-
cess broadens the polydispersity and causes the kinetics to resemble a step growth reaction 
instead of a chain growth reaction. The majority of research on PPOs has focused on using the 
commercially available 2,6-dimethyl substituted derivative; however, a variety of high molecular 
weight polymers have been produced from phenols with various combinations of substituent 
groups in the ortho positions such as methyl, ethyl, chloro13, phenyl14-16, and chlorophenyl16 to 
adjust the chemical and physical properties of the polymers.
The redistribution mechanism of the polymerization does not typically allow the forma-
tion of a block copolymer when two phenol monomers are added sequentially.  One exception 
is in the formation of block copolymers from methyl and phenyl substituted monomers pre-
sented by the work of Bennet and Cooper.18-20 In order for blocks to form, the polymerization 
rate of the second monomer must be much faster than the rate of redistribution of the block 
produced from polymerization of the first monomer. Methyl and phenyl substituted monomers 
exhibit this behavior and produce block copolymers when 2,6-diphenylphenol, the less reactive 
monomer, is polymerized first followed by 2,6-dimethylphenol. Very little research has expand-
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ed on this original work in the past forty years. Tran and Kruczek prepared the block copoly-
mers as selectively permeable membranes for gas separation.21 No other research has looked 
at functionalizing the copolymers to provide materials for other applications. Block copolymers 
are especially interesting in fuel cell membrane applications because of the possibility of better 
phase segregation that leads to improved ion conduction as demonstrated in other polymer 
systems.11, 22-25 The following research explains the synthesis and functionalization of PPO block 
copolymers and their properties as it relates to their use as anion conducting membranes with 
potential use in alkaline fuel cells.



















The following sections describe the polymer synthesis and functionalization procedures 
employed along with the membrane assembly procedures. The instruments used in the syn-
thesis and characterization of all the polymers and membranes are also discussed.
Materials 
Bromine (AlfaAeser, 98%), N,N,N’,N’-tetramethyl-1,3-butanediamine (Sigma-Aldrich, 
98%), hydrazine (Sigma-Aldrich, anhydrous 98%), Trimethylamine (Sigma-Aldrich, 25 wt% 
aqueous solution) and magnesium sulfate (Fisher, anhydrous) were used as received. Copper (I) 
chloride (Sigma-Aldrich, 97%) was precipitated from concentrated hydrochloric acid solution, 
rinsed with ethanol and diethyl ether, and dried in vacuo at 80°C. N,N,N’,N’-tetramethylethyl-
enediamine (PolySciences, Inc, technical grade) was stored over molecular sieves. Benzene 
(Sigma-Aldrich, ACS reagent grade) was dried over molecular sieves then distilled from calcium 
hydride under a nitrogen atmosphere. 2,6-Dimethylphenol (Sigma Aldrich, 99%) was recrystal-
lized three times from hexanes and dried in vacuo. 2,6-diphenylphenol (Sigma-Aldrich, 98%) 
was recrystallized from hexanes and dried in vacuo. Oxygen (General Air, industrial grade 
>99.5%) was passed through a bed of Drierite and molecular sieves before use. 
Synthesis of copolymers 
The synthesis of block copolymers was done as follows, according to a literature proce-
dure.18 Benzene (18.0 mL), copper (I) chloride (40.5 mg, 0.409 mmol) and N,N,N’,N’-tetrameth-
ylethylenediamine (41 µL, 0.415 mmol) were added to a dry 50 mL, 2 neck round bottom flask 
equipped with a magnetic stirbar, condenser, and oxygen inlet. The mixture was stirred with 
oxygen bubbling through it until a dark green solution formed. 2,6-Diphenylphenol (2.015 g, 
8.182 mmol) was added and rinsed in with benzene (2.0 mL). The solution was stirred for three 
hours, after which, 2,6-dimethylphenol (1.000 g, 8.186 mmol) was added and rinsed in with 
benzene (10 mL). The polymerization was continued for one hour. The polymer was precipi-
tated in an excess of methanol and dried in vacuo at 80°C overnight. A few drops of hydrazine 
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were added to a 5 wt/vol% solution of the polymer in chloroform to remove the color produced 
by quinone byproducts. The polymer was then reprecipitated in methanol and dried in vacuo at 
80°C overnight. 
The ratio of monomers was adjusted as necessary to produce blocks of different 
lengths. Random copolymers were produced similarly with both monomers added at the be-
ginning of the reaction. Some reactions were carried out with anhydrous magnesium sulfate as 
a desiccant. 
A second method was also applied in an effort to maximize the block segregation. Ben-
zene (20.0 mL), copper (I) chloride (40.5 mg, 0.409 mmol) and N,N,N’,N’-tetramethylethylene-
diamine (41 µL, 0.415 mmol) were added to a dry 50 mL 2 neck round bottom flask equipped 
with a magnetic stirbar, condenser, and oxygen inlet. The mixture was heated to 60°C and 
stirred with oxygen bubbling through it until a dark green solution formed. 2,6-Diphenylphenol 
(2.002 g, 8.127 mmol) was added and rinsed in with benzene (2.0 mL). The solution was stirred 
for three hours at 60°C then allowed to cool to room temperature. Once cooled, N,N,N’,N’-
tetramethylethylenediamine (164 µL, 1.658 mmol) and 2,6-dimethylphenol (1.000 g, 8.188 mmol) 
were added and rinsed in with benzene (10 mL). The polymerization was continued for one 
hour at room temperature. The polymer was precipitated in methanol and dried in vacuo at 
80°C overnight. A few drops of hydrazine were added to a 5 wt/vol% solution of the polymer in 
chloroform to remove the color produced by quinone byproducts. The polymer was reprecipi-
tated in methanol and dried in vacuo at 80°C overnight. 
Bromination of copolymers 
The copolymers were brominated according to a literature procedure.26 Copolymer  
(0.516g, 1.41 mmol methyl repeat unit) was weighed into a 2 neck 100mL round bottom flask 
equipped with a magnetic stirbar, a condenser, an addition funnel, and an argon bubbler. 
1,1,2,2-Tetrachloroethane (52 mL) was added and the mixture was stirred until the polymer had 
completely dissolved. The solution was heated to reflux. The addition funnel was charged with 
Br2 (120 µL, 2.34 mmol) and 1,1,2,2-tetrachloroethane (12 mL) and was added dropwise. The 
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solution was stirred at reflux for an additional hour after all of the bromine solution had been 
added. Excess 1,1,2,2-tetrachloroethane was removed by distillation. The polymer was precipi-
tated from hexanes, filtered, and dried in vacuo at 80°C overnight.
Amination of copolymers 
A 6 wt% solution of brominated copolymer in chloroform was filtered through a plug of 
glass wool and cast onto a glass plate. The solvent was allowed to evaporate in the dark. The 
resulting film was floated off the glass with water, and dried in vacuo at 80°C overnight. The 
film was immersed in 25 wt% aqueous trimethylamine solution for two days, moved to water 
for 1 day, rinsed thoroughly with water and dried in vacuo at 40°C overnight. Some films were 
soaked for nine days in trimethylamine solution in order to increase the conversion of benzyl-
bromide to benzyltrimethylammonium groups with no improvement in conversion.
Characterization 
1H NMR spectroscopy was performed using a JEOL ECA-500 spectrometer in CDCl3 or 
DMSO-d6 with respect to TMS (δ 0.00). Gel permeation chromatography was performed using 
a system consisting of a Waters 600 Pump, Wyatt Optilab DSP refractive index detector, Wyatt 
MiniDAWN light scattering detector, and 2 PL-gel 5μ Mixed C columns. Attenuated total reflec-
tance (ATR)-Fourier transform infrared (FTIR) spectroscopy was performed using a Thermo-
Electron Nicolet 4700 spectrometer with a Smart Orbit attachment utilizing Nicolet’s OMNIC 
software. 
Conductivity was measured by electrochemical impedence spectroscopy using a Bio-
Logic VMP3 potentiostat under controlled temperature and relative humidity in a TestEquity 
H1000 oven, and data was collected using EC Laboratories software. Membranes were held in 
four electrode cells with platinum electrodes. 
Ion exchange capacity was determined by a back titration method derived from Slade 
and Varcoe.27 The films were soaked in 1 M potassium hydroxide solution to exchange the 
bromide ion for hydroxide. After rinsing the films until neutral, they were dried in vacuo and 10.0 
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mL of 0.00987 M hydrochloric acid was added. After soaking for a day, the acid was titrated 














NPh MPh  NMe (MMe  75.11 fBr )
 
where c is the concentration of acid or base, V is the volume of the acid or base, and mmembrane 
is the dry mass of the membrane after ion exchange.
Water uptake was measured comparing wet and dry weights of the membranes. The 
film was soaked in water for two days. Excess water was removed with a Kimwipe and the 
mass of the hydrated film was determined. The film was then dried in a vacuum oven until con-







where mwet is the mass of the wet membrane and mdry is the mass of the dry membrane.
Results and Discussion
 Poly(phenylene oxide) copolymers were synthesized through the oxidative 
polymerization of 2,6-dimethylphenol and 2,6-diphenylphenol catalyzed with a copper amine 
complex in benzene (Scheme 5.2).  Block copolymers of substituted PPOs can be produced 
when the polymerization rate of the second block is much faster than redistribution of the first 
block.19, 20 In this case, the less reactive 2,6-diphenylphenol was polymerized, followed by the 
polymerization of the more reactive 2,6-dimethylphenol as the second block. Three distinc-
tive sets of block copolymers were produced by different polymerization conditions (Table 5.1).  
A set of block copolymers was prepared by sequential monomer addition according to the 
method of Bennett and Cooper (polymers A1-2).26 A second set of block copolymerization was 
attempted where the reaction conditions were adjusted to favor the individual blocks (B1-3). 
For comparison, a set of random copolymers was produced by polymerizing a mixture of the 
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comonomers (polymers C1-2).
The polymers produced displayed a yellow color upon precipitation of the reaction mix-
ture in methanol. The color is due to a small of amount of quinone byproducts common to this 
type of polymerization.28 The colored byproducts were removed by reducing the quinone with 
hydrazine in a chloroform solution followed by reprecipitation in methanol, producing a product 
of white to slightly yellow material. 


















1H NMR spectroscopy was used to determine the composition of the copolymers as 
well as the segregation of the blocks. Figure 5.1a shows the spectrum of poly(2,6-diphenyl-1,4-
phenylene oxide) homopolymer consisting of 4 peaks. The doublet at 7.18 ppm and the two 
triplets at 7.14 and 6.95ppm correspond to the three different protons on the pendent phenyl 
rings. The singlet at 6.26 ppm is assigned to the protons of the backbone ring. When the sec-
ond block of poly(2,6-dimethyl-1,4-phenylene oxide) is added, a new peak at 6.47 ppm and a 
group of peaks at around 2 ppm appear. The peak at 6.47 ppm belongs to the backbone ring 
protons of the methyl substituted repeat units. The composition of the block copolymers can 
readily be determined by comparing the integration of the dimethyl substituted backbone peak 
at 6.47 ppm with the integration of the diphenyl substituted backbone peak at 6.26 ppm. This 
ratio is equivalent to the ratio of the two types of repeat units in the polymer. The compositions 
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of each copolymer are shown in Table 5.1. The group of peaks around 2 ppm corresponds to 
the pendent methyl protons. Multiple peaks are present due to different environments of the 
methyl groups depending on the nature of the adjacent repeat units. The methyl repeat unit in 
question (M) can be between two other methyl substituted units (MMM) or between two phenyl 
substituted units (PMP) or between one of each type of repeat unit (MMP or PMM). Through 
studies of model compounds, Cooper and Bennett were able to determine the methyl chemi-
cal shift based on the two adjacent repeat units.18 They suggested the chemical shifts to be 
2.17 ppm (MMP), 2.08 ppm (MMM), 1.94 ppm (PMP), and 1.85 ppm (PMM). All of these peaks 
are present in each copolymer spectrum (Figures 5.1b and 5.1c). The percentages of methyls in 
each configuration for each copolymer are given in Table 5.1. Polymerizations with sequential 
monomer additions that result in block copolymers show a dominant MMM peak suggesting 
good segregation of the two blocks with some mixing, either at the crossover point or from 
some redistribution, represented by the other three configurations. The polymers produced 
from the literature procedure (A1-2) are are considered to be block copolymers and have a 
dominant MMM configuration with significant crossover percentages. The samples that were 
prepared with modified reaction conditions for each block (B1-3) are determined to be pre-
dominantly blends, showing increased MMM with very little crossover. The increase in MMM 
content could suggest increased segregation between blocks; however, when coupled with 
data from gel permeation chromatography and crystallization studies as follows, the samples 
are determined to be a block copolymer component blended with a methyl substituted homo-
polymer. Figure 5.1c shows a spectrum for a random copolymer (C2). The four different methyl 
peaks are more evenly distributed as would be expected for a distribution of the two mono-
mers where each environment is likely to occur. 
Gel permeation chromatography was used to follow the synthesis of the random and 
block copolymers. Random copolymers displayed a symmetrical peak (Figure 5.2a) as op-
posed to a bimodal distribution that would be representative of a mixture of homopolymers. 
Figure 5.2b shows a sample of successful formation of block copolymers by the literature 
procedure. The solid line shows the first block of phenyl PPO homopolymer. The peak traced in 
a dotted line shows a shift to higher molecular weight with the growth of the second block from 
the first. Figure 5.2c is an example of samples that were prepared with the reaction conditions
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Table 5.1 Analysis of PPO copolymers.
Sample % Mea % Me as 
MMPb
% Me as 
MMMb
% Me as 
PMPb




A1 21 19 64 5 12 0.73
A2 49 18 66 5 12 1.16
B1 24 8 86 1 5 0.83
B2 44 7 89 2 2 1.05
B3 45 5 93 1 1 1.16
C1 21 24 16 38 21 0.99
C2 48 26 36 18 20 0.83
aRatio of methyl substituted backbone protons to the total backbone protons by 1H NMR spec-
troscopy. bRatio of protons for each configuration to total methyl protons by 1H NMR spectros-
copy. cRatio of bromomethyl protons to unsubstituted methyl protons by 1H NMR spectros-
copy.
1
H Chemical Shift (ppm)
Figure 5.1  1H NMR spectra of a) poly(2,6-diphenyl-1,4-phenylene oxide), b) poly(2,6-diphe-
nyl-1,4-phenylene oxide)-block-poly(2,6-dimethyl-1,4-phenylene oxide) (Sample A2), and c) 
random poly(2,6-diphenyl-1,4-phenylene oxide-co-2,6-dimethyl-1,4-phenylene oxide) (Sample 
C2) in CDCl3.
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that were attempting to maximize the formation of each block. The two peaks in the chromato-
gram indicate a mixture of two species. The main peak shifts very slightly to higher molecular 
weight suggesting some incorporation of a short second block of methyl substituted polymer. 






Figure 5.2 Gel permeation chromatograms of a) random copolymer (Sample C2), b) block 
copolymer (first block  and copolymer ) (Sample A1), and c) block copolymer with 
some methyl homopolymer (first block  and copolymer ) (Sample B2).
Poly(2,6-dimethyl-1,4-phenylene oxide) homopolymers have been shown to crystallize 
from dichloromethane.29 Polymer samples were dissolved in dichloromethane to determine the 
presence of 2,6-dimethyl substituted homopolymers. A blend of methyl and phenyl substituted 
homopolymers was also dissolved in dichloromethane to determine if the presence of the phe-
nyl substituted polymer would change the polymer-solvent interaction. The polymers produced 
from the Bennet and Cooper literature procedure (A1-2) formed stable solutions with no solids 
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forming after weeks of storage. On the other hand, the blend of homopolymers and the poly-
mers made using the modified procedure (B1-3) exhibited a crystalline precipitate in just a few 
minutes, suggesting the presence of 2,6-dimethyl substituted homopolymer. The solid was col-
lected and determined to be almost entirely methyl substituted polymer, confirming the inter-
pretation of the gel permeation chromatography and 1H NMR spectroscopy data.  
Functionalization of the copolymers was carried out in a two-step process (Scheme 
5.3). First the copolymer was brominated exclusively at the methyl groups using liquid bromine. 
The resulting benzylbromide groups were then substituted with a tertiary amine to form a co-
polymer with quaternary ammonium functionality on only the methyl PPO repeat units.  
Scheme 5.3 Functionalization of PPO copolymers






The bromination was carried out using a method developed by Cabasso and cowork-
ers.26 A dilute solution of polymer in 1,1,2,2-tetrachloroethane was refluxed while bromine 
diluted with 1,1,2,2-tetachloroethane was added dropwise to the polymer solution. The low 
concentration and high temperature force the bromine reaction through a radical mechanism 
that prefers to react at the benzylic position on the methyl substituted repeat unit minimizing 
the reaction of the bromine on the aromatic rings.
The brominated polymers were characterized by 1H NMR spectroscopy and GPC. The 
1H NMR spectrum of brominated block copolymer in Figure 5.3 shows a decrease in the methyl 
proton signals at 2 ppm and a similarly shaped set of peaks forming at around 4.2 ppm. The 
chemical shift agrees well with literature values for brominated poly(2,6-dimethyl-1,4-phenylene 
oxide).26 The degree of bromination can be calculated from the integration ratio for the two sets 
of peaks at 2 and 4.2 ppm and is given for each polymer in Table 5.1. GPC of the brominated 
copolymers exhibited similar shaped peaks as the unfunctionalized copolymers suggesting 
that no polymer degradation occurred. However, the peaks shifted to higher elution volumes, 
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implying the brominated copolymers form smaller random coils in solution. It is hypothesized 
that this is due to a small reduction in solubility by adding the bromine groups to the polymer 
thereby causing the copolymer to form a tighter coil in solution.
1
H Chemical Shift (ppm)
Figure 5.3  1H NMR spectrum of brominated poly(2,6-diphenyl-1,4-phenylene oxide)-block-
poly(2,6-dimethyl-1,4-phenylene oxide).
The final step in functionalization of the block copolymers is the substitution of trimeth-
ylamine for the benzyl bromide. The amination reaction was carried out on a film cast from 
a chloroform solution. The film was soaked in an aqueous solution of trimethylamine for two 
days, soaked in water for a day, rinsed with copious amounts of water and dried to remove 
excess amine. The theoretical ion exchange capacity can then be calculated from the compo-














NPh MPh  NMe (MMe  75.11 fBr )
 
where fBr is the fraction of bromine per methyl substituted repeat unit; NMe is the percent methyl 
substituted repeat units in the polymer; NPh is the percent phenyl substituted repeat units in 
the polymer; MPh is the formula weight of the phenyl substituted repeat unit; MMe is the formula 
weight of the methyl substituted repeat unit; and 75.11 is the increase in formula weight added 
by the trimethylammonium hydroxide functional group. The theoretical ion exchange capacity 
values along with the ion exchange capacity measured by back titration are given in Table 5.2.
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Table 5.2 Characterization of Copolymer Membranes









mol)c30°C 50°C 65°C 80°C 90°C
A-1 0.67 0.40 7.9 0.1 0.2 0.4 0.8 1.0 48
A-2 2.49 1.27 44 7.0(47)d 15(65)d 20(74)d 22(84)d 26(120)d 19(12)d
B-1 0.87 0.51 9.3 0.2 0.6 1.1 2.6 2.4 41
B-2 2.04 0.96 42 0.7 2.2 3.5 5.7 6.9 35
B-3 2.27 1.09 41 1.0 3.6 5.6 8.0 18 41
C-1 0.87 0.15 19 0.1 0.3 0.6 0.9 1.3 37
C-2 1.84 1.35 34 0.4 1.6 2.6 4.9 6.4 43
aCalculated from 1H NMR composition and degree of bromination. bDetermined by back titra-
tion. cMeasured by electrochemical impedance spectroscopy at 95% relative humidity. dHy-
droxide conductivity values in parentheses.
The titrated values are all significantly lower than the theoretical calculations, indicating 
an incomplete reaction of the amine with the benzylbromide. Examination of the FTIR spectra 
of the brominated and subsequently aminated copolymers in Figure 5.4 shows that the peak 
corresponding to the C-Br stretching at 626 cm-1 decreases upon amination, but does not 
disappear completely suggesting an incomplete reaction. Attempts were made to aminate the 
films further by soaking films for up to nine days with no appreciable change in conversion. 
Other research has also shown incomplete amination of films with conversions reaching only 
70-75%.25 
Figure 5.4 Infrared spectra of brominated block copolymer ( ) and aminated block co-
polymer ( ).
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The different copolymers produced have a range of ion exchange capacities and water 
uptake dependent on the extent of amination. The water uptake of the copolymer membranes 
generally increases with increased ion exchange capacity and correlates to a higher conduc-
tivity (Table 5.2). However, the water uptake is also related to the type of the copolymer. The 
block copolymers seem to result in a greater increase in water uptake with an increase in IEC 
than do the random copolymers. Bromide ion conductivity was studied using electrochemical 
impedance spectroscopy at 95 % relative humidity across a range of temperatures from 30 
to 90 °C. The conductivity is found to increase with an increase in ion exchange capacity, as 
expected due to the increase in number of charge carriers (Figure 5.5). Ion exchange capacities 
over 1meq/g, produce conductivities greater than 5 mS/cm.  This level of bromide ion conduc-
tivity shows promise for the use of these materials as fuel cell membranes, since hydroxide 
conductivities are approximately higher by a factor of 2.5.30 For polymers with high IEC, the 
block copolymers show higher conductivities than the random copolymers. In the block copo-
lymers, the charge carriers are closer together and possibly form better connected ion-con-
ducting phases. At lower ion exchange capacity, the films may not have enough charge carriers 
to provide good connectivity of the ion conducting regions through the entire film. The set of 
materials that demonstrated poor blockiness and are more characteristic of a blend of the two 
homopolymers (B1-3) show decreased conductivities compared with the block copolymers 
and slightly increased conductivites compared with the random copolymers at high IEC.
 Hydroxide conductivity was measured in the sample that displayed the high-
est bromide conductivity (A-2). The bromide ions in the film were exchanged for hydroxide by 
soaking in 1 M aqueous potassium hydroxide solution for one day. The films were subsequent-
ly soaked and rinsed with water until the pH is the same as the water used for rinsing.  The 
hydroxide conductivities were measured and values (shown in parentheses in Table 5.2) were 
about 4 times higher than the bromide conductivity. At 90°C, the conductivity reached 120 mS/
cm, a very promising value for using this material in a fuel cell.  
While the block copolymers may potentially offer the ability to form more organized ion 
conducting phases, the advantage of greater phase segregation is not fully realized. The poly-
mer is insoluble once functionalized with ammonium groups so casting must be done prior to 
functionalization. The films are cast in the benzylbromide form and presumably phase separate 
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as a function of the different blocks. The high glass transition temperature of the polymer does 
not allow rearrangement to provide further phase separation upon amination and the formation 























Ion Exchange Capacity (meq g-1)
Figure 5.5  Bromide conductivity as a function of ion exchange capacity for block and ran-
dom copolymers over a temperature range of 30-90 °C at 95 % relative humidity. 
Conclusion
 Block and random copolymers containing poly(2,6-dimethyl-1,4-phenylene 
oxide) and poly(2,6-diphenyl-1,4-phenylene oxide) were produced by polymerizing dimethyl and 
diphenyl substituted phenols. The copolymers were converted to benzylammonium functional-
ized materials by brominating and then aminating the methyl component. The block copolymer 
membranes showed higher bromide conductivities compared to the random copolymers for 
similar IECs.  The best sample displayed bromide conductivity up to 26 mS/cm and showed 
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hydroxide conductivity of 120 mS/cm at 95% humidity and 90 °C. The results encourage fur-
ther research on these types of materials to determine the potential for application as fuel cell 
membranes.
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CHAPTER 6  
CONCLUSION AND FUTURE WORK
Conclusion
Fuel cells are promising as a part of the future renewable energy landscape. However, 
current electrolyte materials are expensive, have limited lifetimes, and poor performance. Next 
generation materials need to conduct ions efficiently, stand up to the harsh operating condi-
tions of a fuel cell, and be inexpensive to manufacture. Utilizing chemistry to synthesize new 
polymers and assemble membranes will overcome the deficiencies of current electrolytes and 
improve fuel cell membrane technology.
SNAr polymerization provides a facile, flexible, and inexpensive method of produc-
ing functional engineering polymers, some of which can be applied as fuel cell membranes. 
Although many polymers produced through SNAr have been tested as fuel cell membranes, 
synthesizing new materials and tailoring current materials through the development of func-
tional monomers and polymer functionalization procedures expands the knowledge of what is 
needed in next generation materials.
Sulfonamides were discovered as a new activating group for SNAr polymerization. 
Unique polymers were efficiently produced under normal SNAr conditions from novel difluoro-
benzenesulfonamides and a variety of bisphenol comonomers. The polymers possess excel-
lent properties, including thermo-oxidative stability, moderate glass transition temperatures, 
and formation of robust films. These properties along with the inexpensive polymerization 
technique suggest these materials could be good base polymers for fuel cell applications.
Aminophenol was also studied as a potential new monomer for SNAr polymerization. 
Low molecular weight polymers were synthesized with bis(4-chlorophenyl)sulfone. Based on 
the low molecular weight of the polymers and multiple products of model reactions, 2-amino-
phenol does not provide the quantitative reaction needed for SNAr polymerization to produce 
high molecular weight polymers.
In addition to polymerizing new polymers, chemistry can be employed in designing 
polymer systems to produce morphologies that improve fuel cell properties. Morphology of the 
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polymer chains as well as the microstructure of the resulting polymer film can have drastic ef-
fects on the ion conduction and structural stability during fuel cell operation. The properties of 
the membranes can be adjusted by controlling the assembly and chemical interactions of the 
polymers.
Anion conducting membranes were built by layer-by-layer self assembly of poly(styrene 
sulfonate) and aminated poly(phenylene oxide). This facile method provides an efficient means 
to produce very thin defect free membranes. The ionic bonds crosslinking the layers also pro-
vide physical restraint to the swelling and dissolution of membranes with high ionic exchange 
capacities. The best results were reached when salt was added to the aminated PPO solution 
during membrane assembly to maximize the free ion conductor concentration in the films. The 
LbL membranes achieved a bromide conductivity of 25 mS/cm, which is respectable for a 
proof of concept. Further research into improving film quality and growing consistent uniform 
films would increase the performance and applicability of this technology.
Amphiphilic block copolymers form larger more defined phases in films than their ran-
dom analogs. In fuel cells, the better phase separation can improve ion conduction through the 
hydrophilic regions as well as allowing the hydrophobic region to provide more stability. Phenyl 
and methyl substituted block and random PPO were prepared by oxidative polymerization. The 
methyl repeat units were functionalized with benzyltrimethyl ammonium groups. The mem-
branes exhibit high conductivity that is similar to that of other membranes described in litera-
ture. Block copolymers outperformed the random copolymers at elevated temperatures. The 
functionalization reactions were incomplete. Improving the reaction could provide more defined 
block copolymers and potentially improve the properties. Additional research into better phase 
segregation could also enhance conductivity.
Future Work
After reviewing the research described herein, there are numerous forward paths for the 
projects to expand and improve. Polymers synthesized with 2-aminophenol and the activated 
monomer, 2,6-dihalopyridine, resemble aromatic polymer analogs of aza-crown ethers. Crown 
ethers and their derivatives exhibit a unique ability to bind cations.1 The aliphatic polymer 
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analog to crown ethers, poly(ethylene oxide), conducts ions and is commonly employed as an 
electrolyte in batteries.2 By adding the stability of aromatic rings, the poly(aza-arylether)s could 
stand up to harsher environments than poly(ethylene oxide), such as in a fuel cell. However, the 
reactivity of 2-aminophenol is too low to form high molecular weight polymers needed to make 
membranes. The monomer is reactive enough to form oligomers and cyclics. Assuming they 
exhibit the ability to bind cations, the low molecular weight materials could be grafted by the 
amine or phenol endgroups onto surfaces to be used as ion exchange resins or sensors. 
To make materials for cation binding or conduction, new materials produced from 
2-aminophenol must be synthesized and characterized. 2-Aminophenol must be reacted 
with 2,6-difluoropyridine or a difluorobenzene containing a pendent activating group, such 
as 2,4-difluorobenzenesulfonamide, so that the structure is analogous to crown ethers. The 
structures as well as properties such as solubility, molecular weight, and stability need to be 
fully characterized. Lastly, the binding ability must be tested to determine the cation that each 
material has an affinity towards.
A proof of concept for the manufacture of alkaline exchange membranes for fuel cells 
using layer-by-layer self-assembly was achieved, however, the materials need improvement 
for practical application. The current films are opaque and uneven suggesting an inconsistent 
heterogeneous assembly. The first step to improved membranes is to develop the surface 
preparation to allow for better adsorption of the first layers, thereby increasing the uniformity 
of the subsequent layers. In addition to making sure the substrates are cleaned thoroughly, 
poly(ethylene imine) has been used to modify the substrate to increase adsorption of polyelec-
trolytes.3-5 By improving the assembly method, low energy substrates can be utilized so that af-
ter assembly the film can be easily removed form the substrate to produce free standing films.6 
Free standing films would simplify further characterization of properties, such as water uptake 
and ion exchange capacity, that provide a more complete understanding of the conduction of 
ions through the membranes.
PPO block copolymers also show promise as membranes for alkaline fuel cell appli-
cations. Two main areas need to be further explored to realize the potential of this material, 
quantitative amination and better phase segregation. Amination of a benzylbromide with tri-
methylamine should be a quantitative reaction as shown in Chapter 4 for brominated poly(2,6-
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dimethyl-1,4-phenylene oxide). Amination of polymers already cast into films has shown mixed 
results with some examples of complete amination7 and others showing only 75 % conversion.8 
The decreased conversion is most likely derived from the hydrophobicity of the phenyl substi-
tuted component blocking the complete penetration of the hydrophilic trimethylamine into the 
film. The addition of a water miscible organic solvent, such as tetrahydrofuran, to the amination 
solution could swell the hydrophobic polymer to allow the trimethylamine to diffuse through-
out the film. Using an organic solvent to swell and plasticize a film could also be used to help 
reorganize the polymers into separate phases. Conditions to explore range from soaking the 
films in solvent at elevated temperatures to annealing the films in a solvent vapor atmosphere 
to induce phase segregation. The phase segregation will need to be fully characterized to 
determine the morphology. This can be accomplished using a combination of small angle x-ray 
scattering and microscopy. The effects of increasing the amination conversion and phase seg-
regation on properties related to the performance of a fuel cell such as hydroxide conductivity, 
water uptake, and ion exchange capacity can then be elucidated.
Once the synthesis, functionalization, and annealing procedure is repeatable and final-
ized, a series of relative block lengths can be used to determine the role that composition plays 
in the morphology and conduction of ions through the membrane. By studying polymers with 
different relative block lengths, an optimized morphology can be determined. The optimized 
morphology will maximize the conductivity and manage the water uptake of the membranes. 
Combining the study of morphology with its effect on the conduction of hydroxide in the film 
will advance the understanding of the properties that have the most effect on improving ion 
conduction, leading to insight for the development of next generation membranes. 
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